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Biodiesel is a renewable energy and possesses many advantages over 
petroleum diesel. Crop oil is the conventional raw material for production of 
biodiesel which can then be produced in agricultural areas relieving the pressure of 
importing petroleum. However, this conventional biodiesel production method 
competes with the edible oil refinery for crop oil and suffers from a 2-fold higher 
production cost than petroleum diesel. 
Deodorizer distillate from physical refining (DODp) is a byproduct from the 
vegetable oil refining industry, and it is conventionally sold to soap making industry 
or as an animal feed. This study aims to develop a sustainable recycling technology 
of D O D p , an unexplored low valued waste, into valuable products including fatty 
acid methyl esters (biodiesel), tocopherols concentrate and phytosterols byproducts. 
Two manufacturing protocols were established. 
The peanut and soybean D O D p contained 80 - 85% free fatty acids (FFA) 
and 5 - 10% unsaponifiable matter. In protocol A，all the FFA in D O D p were 
esterified into F A M E s with an optimized molar ratio of 11: 1: 0.2 (methanol: DODp: 
H2SO4) for 30 minutes at 75°C. The esterified D O D p was molecular distilled to 
purify the F A M E s at optimized feed rate of 1 ml/min and optimized rotating blade 
speed of 10 - 20 rpm at 140。C. The overall F A M E s yield was more than 84% with 
at least 98% purity. The residue was crystallized in acetone-methanol mixture (4:1 
v/v) at -20°C for 16 hours to yield phytosterols and desterolized fractions. The 
phytosterols fractions contained three common phytosterols which contributed more 
than 96% of the fraction. The yield of phytosterols was 70 - 80%. The tocopherols 
concentrations in peanut and soybean desterolized fractions were 4 and 19%, 
respectively. In protocol B, the FFA and natural glycerides were neutralized and 
ii 
saponified by a minimal amount of potassium hydroxide at 65°C for 10 minutes. 
After extraction of unsaponifiable matter and subsequent acidification, pure FFA 
were yielded and were then esterified into FAMEs using the condition in protocol A. 
I 
The yield and purity of the F A M E s were 90 and 99%, respectively. The 
unsaponifiable matter was crystallized as in protocol A. The purity and yield of 
phytosterols were similar to protocol A. However, the tocopherols concentrations in 
peanut and soybean desterolized fractions were only 1 and 13%, respectively. 
The F A M E s produced from the two protocols met the specifications for 
biodiesel in United States. The desterolized fractions possessed antioxidant abilities 
in terms of D P P H radicals scavenging and ABTS assays. New bioactivities of P-
sitosterol were discovered. It possessed anti-proliferative ability on human lung 
cancer cell line H1299 and human liver cancer cell line Hep G2. The percentage 
inhibitions of 16 jiM (3-sitosterol on HI299 and Hep G2 cells were more than 50% 
by M T T , cell viability and BrdU assays. The anti-proliferative effect of the 
phytosterols preparations on these cancers was similar to their equivalent P-sitosterol 
concentrations. These novel observations may expand the market potential of P-
sitosterol. 
Finally, the two protocols were compared in terms of procedure simplicity, 
waste production, resource consumption, risks and hazards and cost-effectiveness. 
Protocol A was simple but required high initial investment for facility whereas 
protocol B was more labour-intensive. Yet both yielded value-added biodiesel and 
phytosterol products at comparable qualities and quantities. This study demonstrates 
a sustainable recycling technology from recycling low valued D O D p into biodiesel to 
relieve the energy crisis and byproducts, tocopherols and phytosterols with novel 
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1. Introduction 
1.1. Vegetable oil production and their refining 
1.1.1. Vegetable oil production and consumption 
Table 1.1 shows the top 5 vegetable oil productions in the world from 1999 to 
2004. The production is on the rise and over one hundred million metric tons of 
vegetable oils have been produced since 2003. Soybean oil is the highest vegetable 
oil being produced in the world while China is the world largest rapeseed and peanut 
producer in 2004 (USDA, 2005). The increase in production is due to the 
population increase and the increased vegetable oil demand as revealed by the 
increased vegetable oil consumption per capita in a recent decade at an annual 
growth rate of 2.6% (FAPRI, 2005). 
Table 1.1. Global major vegetable oil productions (USDA, 2005. 
http: II w w w . fas.usda. gov). 
Top 5 Year 
vegetable oils 1999 2000 2001 2002 2003 2004 
Soybean 24.64 26.75 28.88 30.47 29.90 31.90 
Palm 21.80 24.28 25.44 27.28 28.78 31.58 
Rapeseed 13.70 13.03 13.06 12.26 14.16 15.92 
Sunflower 
9.65 8.47 7.48 8.18 9.16 9.03 
seed 
Peanut 4.22 4.34 5.12 4.58 4.96 4.91 
Total 86.06 89.54 92.40 94.35 100.68 107.91 
Note: data are shown in million metric tons. 
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1.1.2. Vegetable oil refining steps 
Figure 1.1 shows the major refining steps of vegetable oil production process. 
Either solvent extraction or physical extraction by grinding is applied in the first step. 
A combination of physical extraction and solvent extraction may also apply to some 
oily crops. Briefly, the oilseeds are first of all crushed and then extracted with 
hexane to yield the crude vegetable oil. After evaporation of hexane, degumming 
step is followed by adding phosphoric acid to remove phosphatides (gums), 
proteinaceous and mucilaginous substances. After the degumming step, the process 
splits into two routes which represent two major types of oil refining, namely, 
chemical and physical refining (detailed comparison will be made in the coming 
section). In chemical refining (or alkali refining), the degummed crude oil is 
neutralized by sodium hydroxide to remove free fatty acids, residual phosphatides 
and metallic compounds as soaps. After the separation of soaps and the oil, the 
soaps will be acidified by sulfuric acid to yield acid oil which is a byproduct. The 
neutralized oil is then bleached by acid-activated bleaching clay to remove pigments 
and chlorophyll. Afterwards, deodorization process is done at high temperature and 
vacuum to get rid of odiferous compounds and volatile substances to purify the 
vegetable oil. For the physical refining, the degummed crude oil was bleached and 
then deodorized in a similar manner with the chemical refining. However, the 
deodorization temperature is around 20°C higher than that in chemical refining 
because the free fatty acids in the oil is removed in this step to the deodorizer 
distillate (DOD) portion in physical refining (Carr, 2000; Andhra Pradesh Pollution 
Control Board, 2001). 
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Figure 1.1. A flowchart showing a generalized oil refinery scheme. DOD，deodorizer 
distillate; DODc, D O D from chemical refining; D O D p , D O D from physical refining. 
1.2. Chemical refining vs. Physical refining 
1.2.1. Differences between chemical and physical refining 
There are two major vegetable oil refining practices: chemical refining and physical 
refining. The key difference between chemical and physical refining is the removal 
of fatty acids in the previous step or during the deodorization process (Cmolik & 
Pokomy, 2000). Chemical refining is a traditional refining practice and the quality 
of refined oil is ensured. Physical refining was adopted in the 1950s for palm oil 
refining (O'Brien, 2004). Nowadays, physical refining practice is another major 
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refining practice and has great improvement in the last ten years (Cmolik & Pokomy， 
2000). 
1.2.2. Pros and Cons of the two refining practices 
Table 1.2 compares the advantages and disadvantages of using two refining 
practices from various literatures. Excluding the type of crude oil which has 
composition sensitive to the higher temperatures and therefore restricting the use of 
physical refining, physical refining has technological advantages over chemical 
refining such as significant lower losses of neutral oil and lower effluent generation 
(Andhra Pradesh Pollution Control Board, 2001) while chemical refining results in 
greater neutral oil loss, higher consumptions of chemicals, water and electricity, 
longer processing time and most importantly, more effluent discharge (Carr, 2000; 
Cmolik & Pokomy，2000). Bumashev et al. (1990) also reported that physical 
refining has given higher yield of sunflower oil. In addition, the installation cost of 
a vegetable oil refining plant using physical refining is lower than that adopting 
chemical refining (Carr, 2000). Cmolik et al. (2000) compared the quality of 
rapeseed oil using physical and chemical refining methods, and there result showed 
that there has not been significant difference in oil quality. 
However, physical refining has some drawbacks when compared to chemical 
refining. The quality of physically refined oil depends on the performance of the 
degumming process to remove phosphatides while the degumming process could be 
absent in chemical refining. The deodorizer distillate (DOD) which initially 
contains valuable tocopherols, commonly called vitamin E, and phytosterols (will be 
discussed in later section) are diluted by fatty acids so that D O D from physical 
4 
refinery (DODp) has lower value for further processing and recycling when 
compared to D O D in chemical refining (Kokken, 1998). 
Zilch (2000) suggested the refining cost of the two refining methods would be 
different for different oilseeds. Palm oilseeds, for instance，contain high free fatty 
acid contents, and the direct refining cost of physical refining is lower than using 
chemical refining. On the other hand, the direct refining cost for soybean which has 
low free fatty acid contents would be lower when chemical refining was used. 
Table 1.2. Comparison of chemical and physical refining. 
Criteria Chemical refining Physical refining 
Pretreatment Degumming optional Good performance of 
degumming required 
Oil loss a 1 0.40 
Water consumption ^  1 0.25 
Effluent generation a 1 0.10 
Electricity consumption ^  1 0.38 
Chemical consumption Higher (NaOH, H2SO4) Lower 
Process time Longer Shorter 
Installation cost ^  9,921,600 8,139,200 
Volume of D O D -0.3% of oil product ~3% of oil product 
Value of D O D Higher Lower 
Oilseeds with free fatty Higher direct refining Lower direct refining 
acid > 1.5% (e.g. Palm) cost cost 
Oilseeds with free fatty Lower direct refining Higher direct refining 
acid < 1.5% (e.g. Soybean) cost cost 
a The amounts of oil loss, water consumption, effluent generation and electricity 
consumption in the chemical refining are assumed as 1 arbitrary unit for comparison. 
b It is an estimated cost (US Price) for a plant with a scale of 13.6 ton/hr. 
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1.2.3. Adoption criteria and popularity of refining methods 
There are a number of factors affecting the choice of refining methods. The 
type of oilseeds being refined, the phosphatides and free fatty acid contents of crude 
oil extract, local environmental legislation and finally the profits. The installation 
cost, operating cost, oil yield, wastewater treatment cost, and byproduct (DOD) value 
affect the profits of an industry (Kellens & Greyt, 2000; Zlich, 2000). Therefore, 
the choice of refining method is up to the manufacturer's decision, and no literature 
or Internet information was available giving the exact figure of popularity of both 
refining methods. 
Physical refining possesses more advantages than chemical refining such as 
higher oil yield, lower installation cost, lower electricity and chemical consumptions, 
lower effluent discharge and shorter processing time (Table 1.2). The higher 
operating cost of physical refining with low free fatty acid oilseeds may be balanced 
by lower installation cost of the plant and higher oil yield of physical refining (Zlich, 
2000). Although degumming step is a must in physical refining process, 
neutralization and subsequent acidification of soap stock into acid oil were absent in 
physical refining. Finally, costly effluent treatment is avoided when physical 
refining is adopted. In addition, the largest local vegetable oil refining company, 
Hop Hing Oil Fty. Ltd., is using physical refining method for soybean, rapeseed and 
peanut oil refining which are the world first, third and fifth oil production (Personal 
Communication). Finally, many global organizations encourage the use of physical 
refining. For instance, “Where appropriate, give preference to physical refining 
rather than chemical refining of crude oil” (World Bank Group, 1998). 
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Manufacturers should give preference of physical refining over chemical refining in 
order to reduce the level of wastes in vegetable oil operations (ABN A M R O , 2001). 
In fact, almost all the vegetable oil can be physically refined except cottonseed oil 
which requires alkali treatment to get rid of gossypol (Kellens & Greyt，2000). 
Thus, it is speculated that physical refining is getting more and more popular due to 
its lower cost and as the environmental concern is increasing throughout the world. 
1.3. Deodorizer distillate (DODc vs. DODp) 
Deodorizer distillate (DOD) was a distillation byproduct generated in 
deodorization step, and it contains free fatty acids, mono-, di-，and triacylglycerol, 
squalene, phytosterols, tocopherols, sterol esters and hydrocarbons (Ramamurthi et 
aL, 1996). The composition varies with different oilseeds to be refined, different 
refining methods and different deodorization conditions such as temperature, 
pressure and time (Frandsen, 1996). Deodorizer distillate from chemical refining 
and physical refining are represented by D O D c and D O D p , respectively. 
1.3.1. Compositions of DODc and DODp 
Table 1.3 compares the typical compositions of D O D c and D O D p in terms of 
free fatty acids, natural glycerides including mono-, di and triglycerides and 
unsaponifiable matter such as squalene, tocopherols and phytosterols (Kellens & 
Greyt, 2000). As mentioned in section 1.1.2, the free fatty acid (FFA) is removed in 
neutralization step in chemical refining and therefore FFA content in D O D c is 
relatively low. On the other hand, since the FFA is removed during deodorization in 
physical refining, the FFA content in D O D p is very high such that the glyceride 
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content and unsaponifiable matter are diluted by the FFA in D O D p . 
Table 1.3. The typical chemical composition of D O D c and D O D p (Kellens & Greyt, 
2000). 
Composition DODc DODp 
Free fatty acids (%) 33 -35 80- 85 
Natural glycerides (%) 25 -33 5 - 10 
Unsaponifiable matter (%) 25 -33 5 — 10 
Tables 1.4 and 1.5 show the tocopherol and phytosterol compositions in D O D c 
from different oilseeds. It is found that soybean D O D c contains relatively high 
amount of tocopherols while peanut D O D c contains relatively low tocopherol 
contents. In general, the phytosterol amounts in D O D c are more than tocopherols 
in a ratio from 1:1.2 to as high as 1:4 (tocopherols: phytosterols). It is noted that the 
compositions o f D O D vary with different oilseeds, different strains, different refining 
methods (chemical or physical) and different deodorization conditions (e.g. higher 
deodorization temperature will yield more tocopherols) (Clark & Frandsen, 1996). 
Table 1.4. The chemical composition of tocopherols and phytosterols in D O D c from 
different vegetable oils (Ramamurthi et al., 1996). 
Soybean Soybean 
Component Sunflower Palm Rapeseed 
strain 1 strain 2 
Tocopherols (%) 11.1 9.2 9.3 3.1 8.2 
Phytosterols (%) 18 11.9 18 4.3 14.8 
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Table 1.5. A comparison of chemically refined deodorizer distillates from 3 different 
vegetable oils (Frandsen, 1996). 
Soybean Rapeseed Sunflower Peanut C o m Cotton 
Tocopherols (%) 10-14 4 - 7 5 - 8 2 - 5 7 - 1 0 6 - 10 
Phytosterol (%) 13- 18 5 - 13 12- 19 8-20 19 — 27 20 — 30 
Unsaponifiables (%) 30-35 27-38 29-34 16-20 35-40 37-42 
In the D O D , there are many phytochemical species such as squalene, 
tocopherols and phytosterols as valuable byproducts. Here is a brief description of 
these phytochemicals. 
1.3.1.1. Squalene 
Squalene is a natural polyprenyl compound and is an intermediate in sterol 
synthesis (chemical structure shown in Figure 1.2). Its name comes from its 
occurrence in shark (Squalus spp.) liver oil which contains high concentration of 
squalene and is the richest source of squalene. Apart from shark liver oil, it is 
widely distributed in nature and can be found in olive, palm, wheat germ and rice 
bran oil. The squalene concentration in human skin is very high and is the major 
components of skin surface lipids (Gylling & Miettinen，1994). It can act as 
quencher of singlet oxygen to protect human skin surface from lipid peroxidation due 
to ultraviolet light exposure and therefore, it is usually purified for skin care products 
(Kohno et al., 1995). However, the concentration of squalene in D O D is not high 
when compared to tocopherols and phytosterols which are primary valuable 
phytochemicals in D O D (Clark & Fmndsen，1996). 
9 
z � � 
CH3 CH3 CH3 
CH3 
、 、 乂 
Figure 1.2. Chemical structure of squalene. 
1.3.1.2. Tocopherols 
Tocopherols have four different isomer forms which are a-, P-, 5- and 
y-tocopherols and their structures are shown in Figure 1.3. Tocopherols or 
commonly called vitamin E are natural antioxidants which have been widely used for 
many decades. Tocopherols act as a chain-breaking antioxidant that prevents the 
propagation of free radical reactions in vitro and in vivo (Packer, 1994; Klein et al, 
1997). a-tocopherol is the most common form in nature (Sheppard et al., 1993) 
and possesses the highest biological activity among the four isomers (Weiser et al., 
1996). Tocopherols possess many bio activities such as cellular signaling, 
anti-electrophilic mutagens and antioxidant activities. Among the activities, the 
antioxidant ability is widely studied because the antioxidant activity of tocopherols 
could reduce oxidative stress so as to prevent some chronic diseases such as 
cardiovascular diseases, atherosclerosis, diabetes and cancer (Stampfer et al., 1993; 
Rimm et al., 1993). A clinical study was done investigating 2000 coronary 
atherosclerosis patients who consumed vitamin E (400-800 lU/day) for 2 years. 
The result shows that there was 77% (p < 0.005) reduction in nonfatal infarction and 
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cardiovascular death. The proposed action mechanism involved a decrease in lipid 
peroxidation of low-density lipoproteins (LDL) by tocopherols (Stephens et a!., 
1996). Figure 1.4 shows the antioxidant pathway of a-tocopherol. The phenol 
group in the aromatic ring is responsible for the antioxidant reaction. The oxidation 
products of a-tocopherol in the radical scavenging reaction are 
a-tocopherolhydroquinone, 2,3-epoxy-a-tocopherolquinone and 
5,6-epoxy-a-tocopherolquinone (Liebler et al., 1996). 
The natural vitamin E is mainly used for pharmaceutical, dietary and cosmetics 
applications while the synthetic one is applied in feed industry and food additive as 
an antioxidant additive (Lemer, 1997). Due to the increasing demand of vitamin E 
in markets of cosmetic, animal feed, food additives and nutraceuticals, total vitamin 
E market in Europe has increased from US$170 in 1994 to US$225 million in 1998 
(Official journal of the European communities, 2003). The worldwide demand for 
vitamin E is estimated at about 50,000 metric tons in 2004 (Patton, 2004). 
" 0 、 入 Z 、 
Isomer R1 R2 R3 
a CHs CHs CH3 
P CH3 H CH3 
6 H H CH3 
Y H CH3 CH3 
Figure 1.3. The chemical structures of tocopherol isomers. 
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Figure 1.4. The oxidation products and pathway of scavenging of peroxyl radicals by 
a-tocopherol (redraw from Liebler et al,, 1996). 
1.3.1.3. Phytosterols 
The sterols found in D O D are plant derived sterols, commonly called 
phytosterols. P-sitosterol, campesterol and stigmasterol are the most common 
phytosterols in D O D (Clark & Frandsen，1996). The structures of phytosterols are 
shown in Figure 1.5. They are structural analogs of animal sterol - cholesterol, and 
they differ from cholesterol with the additional alkyl group on the side chain as 
indicated by the red circles. Phytosterols and their esters have widely been used as 
cholesterol-lowering agents, and many studies have been done to determine their 
cholesterol-lowering effects at plasma and liver (Hayes et al., 2002; Clifton et al., 
2004). In addition, the phytosterols are utilized in pharmaceutical and cosmetic 
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industries for drugs and hormones synthesis such as androstadienedione 
(Ramamurthi et al., 1996). Among the three common phytosterols, P-sitosterol is 
the most prevalent phytosterol and possesses many bioactivity such as 
cholesterol-lowering, analgesic, anthelminthic, antimutagenic and anticancer 
activities. Recently, many reports were found showing the anti-proliferative effects 
of P-sitosterol on several human cancer cell lines. For instance, P-sitosterol can 
inhibit cell proliferation induced by ras oncogene. The oncogenic Ras""^ ^ 
transformed fibroblast cells were treated with 0.05 mg/ml of Kimchi extract which 
contained largely (3-sitosterol. After 4 days of incubation and treatment, 9% 
survival rate were found in the treatment group when compared to the control (Park 
et al., 2003). P-sitosterol was found inducing apoptosis of colon cancer cell line 
HCT116 by the activation of caspases family and induction of Bax apoptotic gene. 
Treatment of 20 P-sitosterol for 2 days resulted in 75% inhibition in cell 
proliferation (Choi et al., 2003). Signal transduction in sphingomyelin cycle can 
also alternate the cell proliferation of cancer cells. P-sitosterol can activate the 
cycle and increase the production of ceramide which in turn activates protein 
phosphatase 2A (PP2A), a protein which leads to apoptosis in human prostate cancer 
cell line LNCaP (Holtz et al., 1998). However, whether other signal transduction 
pathways of cancer cells are also modulated by (3-sitosterol remains unexplored. 
Furthermore, no studies have been done investigating the effect of P-sitosterol on 
lung and liver cancer cell lines. Lung cancer has been the most common cancer in 
the world since 1985 and its mortality rate is also the highest in cancer. Liver 
cancer is the sixth common cancer in the world in terms of incidence rate but it is the 
third common cause of death from cancer (Parkin et al., 1993; Parkin et al., 2005). 
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The demand of phytosterols is increasing due to its well studied 
cholesterol-lowering effect. Phytosterols have been used as daily supplement and 
additive in food such as margarine (Matvienko et aL, 2002). A new alliance from 
several large food and chemical industries announced to the produce and market a 
new line of phytosterol ingredients. The companies also estimate the global 
demand for phytosteols at 2008 would be 10,000 metric tons with a potential market 
of U S $200 — 250 million while the world demand in 1999 was only around 4,000 
metric tons (Gelski, 2004). 
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Figure 1.5. The chemical structures of cholesterols and phytosterols. Red circles 
indicate the difference between cholesterol and phytosterols. 
1.3.2. Usages of DODc and DODp and purification of phytochemicals 
D O D c is usually sold to recover tocopherols and phytosterols to make vitamin E 
and steroid drugs respectively (Ramamurthi et aL, 1996; Pandey et al., 2003) while 
DODp, due to its high concentration of free fatty acids, is sold as a cheap source of 
fatty acids in either animal feeds (if pesticide residue was absent) or low-quality soap 
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making sectors (Ramamurthi et al., 1996; Zlich, 2000). A local vegetable oil 
refinery industry Hop Hing Oil Fty. Ltd. also sells the D O D p to Asian countries for 
soap making with a price from H K $ 1000 to 3000 per metric ton (Personal 
Communication, 2004). 
1.3.2.1. Concentration of tocopherols and phytosterols 
Pharmaceutically used or food use tocopherols and phytosterols are at higher 
purities. Ghosh and Bhattacharyya (1996) used fractional distillation technique to 
concentrate tocopherols and phytosterols from sunflower DODc. The distillate was 
firstly hydrolyzed by Candida cylindracea lipase to convert into mono-, di-，and 
tri-acylglycerol into fatty acids. Then the free fatty acids were esterified with 
butanol by Mucor meihei lipase to convert fatty acids into butyl esters to lower the 
boiling point of the fatty matter. Tocopherols and phytosterols were separated from 
fatty acids butyl ester based on temperature by fractional distillation. The result is 
summarized in the Table 1.6. The second fraction contained 30.1 and 36.4% of 
tocopherols and phytosterols, respectively while 3 and 41.8% of tocopherols and 
phytosterols were found in the residue fraction, respectively. 
Table 1.6. Yield of tocopherol and phytosterol after esterification and fractional 
distillation (Ghosh & Bhattacharyya, 1996). 
Composition before Composition in the three distillation stages (% w/w) 
Component 
distillation (% w/w) First fraction Second fraction Residue 
Tocopherols 4.8 士 0.4 Trace 30.1 士 0.2 3.0 土 0.1 
Phytosterols 9.7 土 0.3 Trace 36.4 ± 0.3 41.8 ±0.0 
Temperature: 180-230°C (first fraction); 230 — 260。C (second fraction). Pressure: 1.0 
m m H g . 
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Molecular distillation has been widely used to concentrate and prepare high-purity 
tocopherols. It involves the use of extreme high vacuum at relatively low 
temperature and short sample resident time to protect heat sensitive compounds such 
as tocopherols during distillation (Ramamurthi et al., 1996). The purification is 
based on different volatilities of the components in the sample. Figure 1.6 shows 
vapor pressure-temperature relations of the components in the distillate (redrawn 
from Frandsen (1996)). 
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Figure 1.6. Vapor pressure-temperature relations for fatty acids, tocopherols and 
phytosterols. 
Figure 1.7 shows the molecular distillation setup in this laboratory. The 
sample was fed from part A and then passed into part B which is the heating area. 
There was a wiping blade, which spreads the sample into a thin film and brings the 
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sample passing the heating area. The vacuum pump (part C) was used to provide 
high vacuum during distillation. The more volatile compounds would be distilled 
into distillate portion as indicated in part D. The less volatile compounds were the 
residue as found in part E. 
_ 
M B 
Figure 1.7. A typical molecular distillation setup in the laboratory. A: sample feeding 
area, B: heating area, C: Vacuum pump, D: distillate portion, E: residue portion. 
Khim and Rhee (1982) used 2-step molecular distillation to concentrate 
tocopherols and phytosterols from DODc. Their result is summarized in Table 1.7. 
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The recoveries of free fatty acids, tocopherols and phytosterols in the first step 
distillate were 90, 13 and 9.5% of the DODc, respectively. The residue of the first 
distillate was then molecularly distilled and the second distillate contained 80 and 
35% of the tocopherols and phytosterols of the feed, respectively. Although the 
overall percentage compositions of all the fractions were not mentioned, further 
purification steps have to be done to separate the tocopherols from phytosterols. 
Table 1.7. Results of two-step molecular distillation in concentration of tocopherols 
and phytosterols (Khim and Rhee, 1982). 
I't step: Distillate of the step: Distillate of the 
soybean D O D c residue of step 
Pressure (mmHg) 3 - 7 x 4x 
Temperature (。C) 100 - 140 170 
Free fatty acids recovery 90 Not determined 
(% of the feed) 
Tocopherols recovery 13 §q 
(0/0 of the feed) 
Phytosterols recovery 35 
(% of the feed) 
1.3.2.2. Purification of tocopherols and phytosterols 
After concentration of tocopherols and phytosterols, purification is still required. 
There are many studies about using supercritical fluid extraction technique to extract 
tocopherols from various sources such as wheat germs, Amaranthus caudatus seeds 
and deodorizer distillate (Bruni et al., 2002; Ge et al” 2002; Mendes et al., 2002). 
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Figure 1.8. Atypical phase diagram of a substance. 
When a substance is in condition that beyond its critical point, it becomes a 
supercritical fluid (Figure 1.8). A supercritical fluid has high diffusion coefficient 
when compared to ordinary solvents so that the extraction rates axe enhanced and less 
degradation of solutes resulted (Clifford & Williams, 2000). Carbon dioxide has 
been widely used as a supercritical fluid because it is cheap, inflammable, stable and 
relative non-toxic. Its polarity is intermediate of truly nonpolar and weakly polar due 
to its large molecular quadrupole (Clifford & Williams，2000). Tocopherols are 
soluble in supercritical carbon dioxide due to their slightly polar nature. However, 
there are some limitations of using supercritical fluid extraction. It involves 
elevated pressure which poses hazard and requires high capital investment for 
equipment especially for industrial scale. The method development is relatively 
more difficult and labor intensive than liquid solvent extraction. In addition, the 
technique is lack of flexibility of extraction parameters (Stone, 2001). In fact, 
according to a survey done by Majors (2002), less than 3% of the laboratories are 
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using supercritical fluid extraction technique. 
Crystallization has been widely used to isolate phytosterols from deodorizer 
distillate (Kircher & Rosenstein，1973; Sheabar & Neeman，1987). Since 
phytosterols are insoluble in polar solvents such as alcohol and acetone at low 
temperature, they could be crystallized out when D O D concentrate is added into the 
polar solvent. Lin and Koseoglu (2003) mixed the soybean deodorizer distillate 
with a mixture of acetone and methanol. The mixture was then put at -20。C for 24 
hours. After centrifligation and subsequent filtration, 77% of original sterols have 
been found in the cake fraction with 57% pure phytosterols while near 90% of the 
original tocopherols were in the filtrate portion containing 12% of tocopherols in 
purity. 
1.3.3. Alternative usage of DODp 
So far, we have come across the chemical compositions of D O D c and D O D p 
and methods of phyto chemical recoveries from DODc. No studies have been done 
investigating the alternative usage of D O D p or purifying phytochemicals from 
DODp. In the coming sections, the potential usage of D O D p will be revealed. 
1.4. Usages of fatty acid mono-alkyl esters 
Fatty acid mono-alkyl esters are derivatives of a carboxylic acid in which the 
hydrogen of the carboxyl group is replaced by a carbon group from the alcohol. 
They were commonly produced by either esterification in which carboxylic acid and 
alcohol are reactants with strong acid as catalyst or transesterification in which the 
fatty acid esters are formed with fatty acids of triacylglyerol and alcohol as substrates, 
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and alkaline, acid or enzyme as catalyst (Brown, 2003; Zhang et al., 2003). The 
fatty acid mono-alkyl esters are produced from fatty acids in vegetable oil with 
alcohol chain length varied from 1 to 5 such as fatty acid methyl esters (FAMEs) and 
fatty acid ethyl esters (FAEEs). They have several usages. 
1.4.1. As intermediate for Bio-surfactants 
Surfactants can be categorized as anionic (negative charged in aqueous solution), 
cationic (positive charged in aqueous solution), non-ionic (no charge in aqueous 
solution) and amphoteric (positive or negative charged in aqueous solution). 
Among them, anion and non-ionic surfactants are widely used and they were 
manufactured from either petroleum products or animal and plant oil which 
constitute two thirds and one third of the markets respectively (Ehrenberg, 2002). 
Plant and animal oil are first transesterified into fatty acid methyl esters and then 
hydrogenated into fatty alcohols. They were then synthesized into fatty alcohol 
sulfate and fatty alcohol ethoxylate which are examples of anionic and non-ionic 
surfactants (Heidelberg, 1987; Baumaiin et al., 1988). The market of surfactants 
from plant and animal oils in Europe was 185,000 metric tons per year at 2000 
(ECCP report, 2001). 
1.4.2. Bio-lubricants 
Bio-lubricants are lubricants derived from vegetable or animal oils rather than 
petroleum oil (Ehrenberg, 2002). They are relatively non-toxic, biodegradable and 
most of the constituents are from renewable sources. The criteria of bio-lubricants 
are as follows: > 50% renewable raw materials included; 2 - 5% additives required 
21 
and additives have low eco-toxicities and do not contain heavy metals (Cunningham 
et al., 2004). However, no universal agreement was found about the compositions 
of bio-lubricants. They usually contained fatty acid mono- and di-esters, fatty acid 
amides and vegetable oil (Hill, 2000; lENICA Market data sheet, 2004). The total 
productions of lubricants in Europe and the world were about 4 and 37 million metric 
tons in 2000, respectively while the bio-lubricants market in Europe was 370,000 
metric tons in 2000 (ECCP report, 2001; Mang, 2001). 
1.4.3. Biodiesel 
Biodiesel is defined as monoalkyl esters of long chain fatty acids derived from a 
renewable lipid feed stock (The American Society for Testing & Materials，1995). 
The carbon chain length could vary from C12 to C24. Unlike bio-lubricants, 
biodiesel has more stringent specifications on their quality and purity. For instance, 
biodiesel is required to be at least 96.5% pure in terms of ester content in European 
countries and a list of specifications for biodiesel. Nevertheless, the production and 
market of biodiesel have been increased in recent years. Figure 1.9 shows the 
biodiesel production in Europe and USA. In 2004，the European biodiesel 
production was near 2 million metric tons. In the recent five years, the average 
annual biodiesel production growth rates in Europe and U S A are 30 and 100%, 
respectively (European Biodiesel Board, National Biodiesel Board, 2005). Since 
more updated literature information on surfactants and lubricants markets are not 
available, the production information of bio-surfactants (185,000 metric tons), 
bio-lubricants (370,000 metric tons) and biodiesel (700,000 metric tons) in Europe in 
2000 was used. The market of biodiesel is the largest and is very common in 
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Europe and U S A . Furthermore, in May of 2005, during a visit of a biodiesel 
production plant, U S president George Bush said “Biodiesel is one of our nation ’s 
most promising alternative fuel sources, and by developing biodiesel you 're making 
this country less dependent on foreign oil” (National Biodiesel Board News, 2005). 
It can be seen that biodiesel is getting more and more popular and concerned and it is 
worth taking an in-depth review and exploration. 
2.5 I 120000 
- a - Biodiesel production in Europe 
2 . Biodiesel production in US ^ ^ _ 100000 
g - 80000 百 
-1.5 - ZZ g 
a / o 
•2 / Z - 60000 匕 
•I 1 - , , S 
^ / - 40000 
I 加 _ - 20000 
0 ‘ ‘ ‘ 」 0 
2000 2001 2002 2003 2004 
Figure 1.9. Biodiesel production in Europe and US from 2000 to 2004. 
1.5. Production of biodiesel and its advantages and disadvantages 
1.5.1. Production of biodiesel 
The production of biodiesel is based on two reactions, namely transesterification 
and esterification. The chemical reactions are shown in Figure 1.10. In the 
transesterification, one mole of triacylglycerol or triglyceride, catalyzed by acid, base 
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or enzyme, reacts with three moles of alcohols to yield three moles of fatty acid alkyl 
esters and one mole of glycerol. In the esterification reaction, one mole of fatty 
acid reacts with one mole of alcohol to form one mole of fatty acid alkyl ester with 
acid or enzyme as the catalyst. The alcohol being used can be varied but many 
literatures either use methanol or ethanol as the reactants due to its relatively low 
cost and non-toxic nature of ethanol (Facioli & Barrera-Arellano，2002a; Zhang et al., 
2003). Some studies using enzymes as the catalyst also use butanol because of the 
better catalyst performance (Ghosh & Bhattacharyya, 1996). In this study, 
methanol was chosen because its cost is lower than ethanol. The molecular mass of 
methanol is smaller than ethanol and therefore small reaction volume is required. 
Finally, its volatility is higher than ethanol so that it is easier for solvent recovery. 
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Figure 1.10. Chemical reactions of transesterification and esterification. 
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1.5.1.1. Use of catalyst 
A. Transesterification 
The catalyst can be an acid such as hydrochloric acid and sulfuric acid, an 
alkaline such as sodium hydroxide and potassium hydroxide and lipase. The first 
two types have received the greatest attention (Zhang et al, 2003) and have been 
used in industrial scale (Connemann & Fischer, 1998). Alkali catalyzed system is 
the most frequently used because it requires less time and lower temperature. Over 
90% oil conversion can be achieved within 1.5 hour at 60°C with a molar ratio of 6:1 
methanol to soybean oil (Noureddini & Zhu，1997; Damoko & Cheryan，2000). 
However, alkaline catalyst can only be applied in pure oil and fat since the presence 
of any impurities such as acid and water will reduce the efficiency of the alkaline 
catalyst. The presence of water can lead to saponification of esters when an 
alkaline is used as the catalyst, and the presence of an acid will react with the 
alkaline by neutralization (Liu, 1994; Zhang et al, 2003). Enzyme catalyzed 
system requires much longer time to complete the reaction when compared to the 
other two catalysts (Nelson et al, 1996; Watanabe et al, 2001). Also, using 
enzyme as the catalyst is costly when compared to acid and alkali. Therefore, the 
enzyme catalyzed system has only been carried out in the laboratory scale. 
Although the use of an acid as the catalyst requires longer time and higher reaction 
temperature, it is used when the substrates contain free fatty acids greater than 0.5 
wt% (Freedman et al, 1984). Therefore, acid catalyst is frequently used when the 
substrates are waste cooking oils (containing free fatty acids) instead of pure 
vegetable oil (Al-Widyan & Al-Shyoukh，2002; Zhang et al” 2003). 
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B. Esterification 
As mentioned above, an alkaline catalyst cannot be applied as the catalyst will 
react with the substrate - free fatty acids. The enzyme catalyst system also requires 
longer time and is more expensive when compared to acid catalyst system. The 
reaction rate of esterification is much faster than that of transesterification using an 
acid as the catalyst. For instance, more than 90% oil conversions to methyl ester 
have been done within 69 hours at 65°C at a 30: 1 molar ratio of methanol to oil and 
1% w/v of sulfuric acid (Freedman et al” 1984) while Facioli and Barrera-Arellano 
(2002a) obtained 90.6% conversion efficiency after 1.3 hour at 75°C at a 6.4: 1 molar 
ratio of ethanol to free fatty acids and 0.9% w/v sulfuric acid. 
1.5.1.2. Molar ratios between methanol, sample and catalyst 
Many studies reported that increasing the methanol to oil molar ratio and 
increasing the catalyst concentration can reduce the reaction time (Canakci & Gerpen， 
1999; Ripmeester, 1998; McBride, 1999). It is reported that 97% oil conversions to 
methyl ester have been done within 6 hours at 80°C at 1.7 atm. Pressure at 50: 1: 1.3 
molar ratio of methanol to oil to sulfuric acid and at 400 rpm agitation rate (Zhang et 
al； 2003). Much time is saved when compared to a previous study done by 
Freedman et al. (1984) in which more than 90% oil conversions to methyl ester have 
been done within 69 hours at 65°C at 30: 1 molar ratio of methanol to oil and 1% w/v 
of sulfuric acid. In addition, tranesterification and esterification are reversible 
reactions so that more alcohol should be used in order to shift the equilibrium 
position to the right. 
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1.5.1.3. Temperature and pressure 
Since transesterification and esterification are exothermic reactions, heat should 
be applied to facilitate the reaction completeness. The increase of temperature and 
pressure can shorten the completion time of the reactions (Kreutzer, 1984; Canakci & 
Gerpen, 1999). However, it would be quite energy intensive if the temperature and 
pressure used are too high. Also, there is a hazard in high pressure working 
condition. Therefore, many studies focus on biodiesel production at ambient 
pressure and below 90°C. 
1.5.1.4. Biodiesel purification 
Since the requirement of biodiesel purity is at least 96.5%, purification is 
usually required and in fact, the existing biodiesel producing industry in Europe is 
using distillation to purify the biodiesel (Connemaim & Fischer，1998; Gerpen et aL, 
2004). 
1.5.2. Pros and Cons of using biodiesel 
There are many advantages of using biodiesel as automobile fuels. Table 1.7 
summarizes the emission characteristics of using pure biodiesel (BlOO) and 20% 
biodiesel plus 80% petroleum diesel blend (B20) when compared to petroleum diesel. 
The main reason for the low pollutants emission is due to the high oxygen content of 
biodiesel making the combustion reaction more complete when compared to the 
petroleum diesel. Apart from these characteristics, biodiesel has high flash point (> 
130°C) which makes it safer to transport. It is non-toxic and biodegradable so that 
the impact of spillage to the environment would be very small. Biodiesel can be 
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produced locally wherever there is a farmland and therefore, helping to relieve the 
pressure of importing petroleum oil. Finally, the use of biodiesel helps balancing 
the carbon cycle on earth. It is because the carbon dioxide emitted during 
combustion is balanced by carbon fixation in plants which are the origins of the 
biodiesel (Agarwal & Das, 2001; National Biodiesel Board, 2005). 
Table 1.8. Pollutants in car exhaust of biodiesel and petroleum diesel (National 
Biodiesel Board, 2005). 
B100 compared to B20 compared to 
一 Pollutants of automative exhaust - 一 — 
petroleum diesel petroleum diesel 
1. Total unbumed H C 67% less 20% less 
2. Particulate Matter 47% less 12% less 
3. Carbon Monoxide 48% less 12% less 
4. N O x 10% more 2 % more 
5. PAHs (Polyaromatic hydrocarbons) 80% less 13% less 
6. nPAHs (nitrated polyaromatic 
90% less 50% less 
hydrocarbons) 
7. Sulfates 100% less 20% less 
Note: B20 means 20% biodiesel + 80%petroleum diesel, BlOO means 100% biodiesel. 
Although biodiesel possesses many advantages over petroleum diesel, it still has 
limitations and drawbacks. One major disadvantage of using biodiesel is the cost. 
The average price (tax not included) of BlOO biodiesel, B20 biodiesel and no. 2 
diesel in US in May 2005 are US$2.66, 1.74 and LSI/gallon, respectively 
(Alternative Fuel Index, 2005). The price of biodiesel (BlOO) is nearly doubled the 
price of diesel. The major reason is the price of vegetable oil because the soybean 
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oil in U S cost about US$2.41/gallon in M a y 2005 (TFC Commodity Charts, 2005). 
Another limitation is the competition of vegetable oil between biodiesel production 
and human consumption. The vegetable oil consumption per capita in the world in 
this decade increases 2.6% annually (FAPRI, 2005). This means that the demand of 
vegetable oil is increasing. 
1.5.3. Sources of Biodiesel production 
There are many studies using pure vegetable oil such as soybean oil and 
rapeseed oil as raw materials for biodiesel production using various technologies 
such as supercritical fluid extraction and new enzyme catalyst system (Xu et al., 
2003; Warabi et al., 2004). However, as mentioned above, the two major 
limitations of using refined vegetable oil as raw materials for biodiesel production 
are high cost and competition between human consumption. Therefore, many 
studies have been done in order to tackle the two problems. 
Karmee and Chadha (2005) employed an inedible oil from Pongamia pinnata as 
the raw materials for biodiesel production. The crude non-edible oil was 
transesterified into methyl esters using potassium hydroxide as catalyst at 60°C with 
methanol to oil molar ratio 10: 1. A 95% conversion was obtained after 90 min. 
However, the study used crude plant oil extract instead of refined oil and the purity 
of biodiesel product was not reported. Further exploration of more inedible plant 
species is required. 
Grease trap waste is a central collection point of waste vegetable oil in 
restaurants and it does not cost and can be collected freely. A typical restaurant 
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with a kitchen area of 32 m requires a minimum of 1220 liters grease trap tank 
(HKSAR EPD, 2005). Hsu et al. (2002) used restaurant grease to produce biodiesel 
using lipase as the catalyst. More than 98% of oil was converted to FAMEs after 48 
hours of reaction at 40°C. However, the product fuel properties and purity were not 
reported. In fact，the restaurant grease contained many impurities and wastewater 
which may hinder the transesterification reaction and it is odorous due to many 
microbial contamination of the restaurant grease trap waste (Personal visit to W E N T 
landfill which is the destination of grease trap waste). Thus, purification steps must 
—万e re—夺ilTr力d iri—olrcier t(5 m—e劲 the s於Scificatioris fbi:* 访r. 
Expired vegetable oil has been utilized for biodiesel production recently and it 
was reported that a biodiesel plant in Bulgaria produced 302 metric tons from 2001 
to 2002 in which 8 metric tons of biodiesel was converted from expired soybean oil 
(Ri, 2003). The price of the expired oil was low. On top of that, the supply of 
expired vegetable oil will not be very large and consistent because no vegetable oil 
refining industries will produce their products that exceed the market demand. 
Waste or used vegetable oil is a good substitute of refined vegetable oil for 
biodiesel production, and it is widely studied and adopted in some countries due to 
its abundance and low cost. For instance, household and restaurant waste cooking 
oil were collected in Japan for biodiesel production and about 550 metric tons of 
biodiesel produced from waste cooking oil were consumed in Tokyo in 2004 
(Nabetani, 2005). Nevertheless, there is still one drawback of using waste or spent 
cooking oil. They have to be collected in scattered points so that the collection cost 
could be costly. 
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There are some studies using the byproduct materials in vegetable oil refining 
sector for biodiesel production since the byproducts are readily available in the 
vegetable refinery plant. As describe in section 1.1.2., activated earth was used for 
bleaching of vegetable oil to remove colored substances. Lara and Park (2004) 
utilized spent activated bleaching earth, a waste to be recycled in vegetable oil 
refining industry, to produce biodiesel because there were about 40 wt% of oil 
adhered to the spent earth. After a pretreatment removing the polar impurities, 
lipase was added into the hexane fraction containing the spend earth with butanol as 
the—iubslT—at「一 Aboiir96o/o of oil was converted to fatty acid butyl esters within 8 
hours. Yet, the purity of the esters and fuel properties of the esters were not 
determined, and the quality of product was uncertain. In addition, there were about 
60% of inorganic content in the spent earth and the pretreatment has to be done 
completely in order not to introduce any impurities into the biodiesel fraction 
(Pandey et al., 2003). 
As mentioned in section 1.1.2, free fatty acids were neutralized into soap in the 
neutralization step in chemical refining method. The soap stock was either sold to 
soap making or acidified into acid oil for animal feed. Hass et al. (2003) studied 
the production of biodiesel from acid oil which contained 60 and 33% of free fatty 
acids and natural glycerides. The glycerides of acid oil were saponified and after 
subsequent acidification, about 96 wt% of free fatty acids (FFA) were yielded. 
Then the FFA was esterified with a molar ratio of 1.8: 1: 0.17 (methanol: FFA: 
catalyst) at 65。C for 14 hours. The conversion was near 90% and further washing 
step was employed to remove residual free fatty acids to meet the specification of 
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biodiesel. Facioli & Barrera-Arellano (2002a) investigated the production of fatty 
acid ethyl esters (FAEEs) from D O D c using response surface method. The optimal 
conditions were ethanol to D O D c molar ratio from 6.4 to 11.2:1; sulfuric acid 
concentration from 0.9 to 1.5% of reaction volume; reaction time of 1.3 — 2.6 hours 
at 80°C. The average conversion efficiency was above 94%. However, the purity 
of the FAEEs was not determined in the paper. Also, as mentioned in section 1.2.2., 
the volume of D O D c was only 0.3% of the refined oil which means the abundance is 
relatively low. Table 1.9 summarizes the sources of biodiesel production other than 
refined vegetable oil. —— 
Table 1.9. Different sources of raw materials for biodiesel production. 
Technology Collection 
Abundance Availability ^ Price 
established cost 
Vegetable oil Yes High Ready High Low 
Non-edible oil No Further Not ready Moderate Low 
exploration 
Expired vegetable oil Yes Low Not ready Low Costly 
Waste cooking oil Yes High Not ready Low Costly 
Grease trap waste No High Ready No cost Low 
Spent activated earth No Moderate Ready No cost Low 
Acid oil No Moderate Ready Low Low 
DODc No Low Ready High Low 
DODp No Moderate Ready Low Low 
a Ready = Readily Available; Not ready 二 Not readily available 
D O D p is an unexplored potential material for biodiesel production because it 
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contained more than 80% free fatty acids, it is quite abundant with volume equal to 
3 % of the refined oil. It is readily available in the vegetable oil refining plant and it is 
very cheap. In addition, during the production of biodiesel from D O D p , 
phytochemicals from D O D p can be concentrated and further purified so as to 
increase the profits of biodiesel production. In this study, soybean and peanut 
D O D p were tested. Soybean was chosen because soybean oil is the most consumed 
vegetable oil in the world. Peanut was chosen because China is the world champion 
peanut producer and fewer studies were done on peanut oil and D O D c also. 
1.6. Proposed strategy 
1.6.1. Summary of the literature reviewed 
World vegetable oil production is increasing and there are two types of refining 
methods which are chemical refining and physical refining. Physical refining 
possesses more advantages than chemical refining and the popularity of physical 
refining is expected to be increased gradually. Therefore, the amount of D O D p 
i 
would be increased and it is readily available in the vegetable oil refinery plant. 
D O D p contained high concentration of free fatty acids and it is an unexplored 
alternative source for biodiesel production because biodiesel production from refined 
vegetable oil is costly and is competitive for human consumption. D O D p itself is a 
cheap raw material for biodiesel production and it contains some phytochemicals 
which could be concentrated and purified as high valued byproducts. Thus, the 
recycling of D O D p into biodiesel could be a sustainable industry and is worth 
investigation. It is noted that the primary usage of FAMEs produced in this study is 
as biodiesel and thus, the specifications for biodiesel were employed in quality 
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assessment of FAMEs. 
1.6.2. Hypothesis making 
Based on the above literature review, a hypothesis is made: it is sustainable to 
recycle D O D p into fatty acid methyl esters (FAMEs) and to recover phytochemicals 
during the F A M E s production. 
1.6.3. Aim and objectives 
The aim of this study is to establish a sustainable recycling technology for 
value-added products, F A M E s and phytochemicals, from D O D p - an unexplored 
waste. The points to be considered include: manufacturing protocol, waste 
generation, profits from product and byproducts and applicability. 
The main objectives are: 
I 
> to compare two manufacturing protocols for biodiesel production and i 
phytochemicals recoveries, 
> to test the applicability of two protocols on soybean and peanut D O D p and 
> to assess the quality and quantity of the products generated. 
1.6.4. Significance of study 
This study investigates the feasibility and sustainability of recycling low valued 
D O D p into biodiesel. It integrates various technologies into manufacturing 
protocols to recycle D O D p into biodiesel and purify phytosterols from DODp. As a 
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result, an alternative use of D O D p is proposed. This has the merit of integrating 
waste management with production of fuel to relieve the energy crisis. 
1.6.5. Study scheme 
Figure 1.11 shows the study scheme in this study. The D O D p collected was 
characterized first. Then two protocols were established and optimized for FAMEs 
production and phytochemicals recoveries. Finally, the quantity and quality of the 
products were assessed. 
1. Characterization of D O D p 
^ i I 
Ila. Production of FAMEs: lib. Production of FAMEs: 
Protocol A Protocol B 
1 1 
III. Quantity and quality 
assessment of FAMEs 
i 
IV. Quantity and quality 
assessment of phytochemicals 
Figure 1.11. An overall flow of the experiments in this study. 
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2. Methodology 
2.1. Characterization of physically refined Deodorizer Distillate (DODp) 
2.1.1. Collection & storage of DODp 
The D O D p samples were generated at deodorization conditions of temperature 
260°C and pressure around 1 m m H g . Three independent batches of approximately 
20 L D O D p from two sources, peanut oil and soybean oil, were collected from Hop 
Hing Oil Fty. Ltd. Each batch of D O D p was manually mixed and was put into six 3 
L glass vessels. They were then immediately stored at cold room at 4°C to avoid 
degradation of tocopherols (Frandsen，1996). 
2.1.2. Determination of fatty acids composition 
The method was modified from the operating manual version 3.0 of Sherlock ； 
Microbial Identification System (1999). 5 g of D O D p were dissolved in 10 ml of 
methanol, and 0.2 ml of 98% sulfuric acid was then added. The reaction time and j 
l| 
temperature were 10 min and 80°C respectively. After the reaction was completed, t 
the lower phase was aliquoted and 25 土 1 m g (to nearest 0.1 mg) of the sample was 
transferred into 25 ml volumetric flask with HPLC grade chloroform added. The 
samples were analyzed by gas chromatography-mass spectrometry (GC-MS; GC, 
Aglient Technologies Network, 6890N; M S , Aligent Technologies, 5973N). One fxl 
of sample was injected by Hewlett Packard (HP) 7673 automatic injector into a HP 
6890 series gas chromatograph (Atlanta, GA) connected to mass selective detector. 
A HP-5 M S column of 5% phenyl methyl silicone (0.25 m m x 30 m x 25 fim film 
thickness) was used to see the fatty acids composition as revealed by fatty acid 
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methyl esters composition. The temperature profile was as follows: Temperature 
was set initially at 80°C and was increased to 125°C with a rate of 15°C/min. Then 
the temperature was increased to 290°C with a rate of 5°C/min and the temperature 
was held for 5 min. The methyl esters standard used was F.A.M.E. Mix Rapeseed 
Oil (Supleco O 7756-lAMP with purity between 98.0% and 99.9%) while 
tetradecane (Sigma T-4633, > 99%) was used as an internal standard for 
quantification. After getting the result of fatty acid composition, the average 
molecular weight of fatty acids composition was calculated. 
2.1.3. Determination of acid number (ASTM D 664) 
The acid number of the D O D p was determined according to A S T M D 664. A 
sample of 0.10 土 0.01 g (to nearest 0.1 mg) was introduced into a 250 ml conical 
flask containing a stirrer bar and 125 ml titration solvent (50% analytical grade 
toluene, 45% analytical grade isopropanol and 5 % deionized water; v/v). The 
electrode of the potentiometer (Orion 420A plus Benchtop pH meter) was placed in 
the conical flask with its position adjusted to immerse half of the electrode. The 
stirrer was started throughout the determination at a rate sufficient to produce 
vigorous agitation without spattering and without stirring air into the solution. 
When the potential reading was stabilized, 0.1 ml of O.IM potassium hydroxide 
solution was added and the potential reading was recorded. If the potential change 
of a 0.1 ml addition was greater than 30 m V , the next addition would be 0.05 ml of 
K O H solution. If the potential change was less than 30 m V for a 0.1 ml K O H , 
larger amount of K O H could be added. It was titrated in this manner until the 
potential change was less than 5 mV/0.1 ml of K O H . The titration solution was 
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removed with the electrode rinsed with isopropanol and finally with reagent grade 
water. The electrode was immersed in water for at least 5 min for next titration. 
For each set of samples, a blank titration of 125 ml of the titration solvent was made. 
Alcoholic K O H solution (O.IM) was added in 0.05 ml increments, waiting between 
each addition until a constant cell potential was reached. The amount of K O H used 
was recorded. Acid number (mg KOH/g) was calculated as follows: 
(A—B) xM X56.1IW where 
A\ alcoholic K O H solution used to titrate sample to end point (ml); 
B\ volume corresponding to A for blank titration (ml) 
M: concentration of alcoholic K O H solution (M) 
W: weight of sample (g) 
2.1.4. Determination of free fatty acid contents 
Since the acid number of a sample determines the number of moles of free fatty 
acids, using the average molecular weight of free fatty acids calculated in section 
2.1.2, the free fatty acids content could be deduced by this formula 
FFA (%) 二 Acid no. /56.1 xM. W. of free fatty acids/1000 x 100% 
2.1.5. Determination of unsaponifiable matter content 
The content of unsaponifiable matter was determined according to A O A C 
975.13. A sample of 5.0000 士 0.0050 g (to nearest 0.1 mg) and a stirrer bar were 
introduced into a 250 ml round bottom flask. Ethanol of 50 ml and 10 ml K O H 
solution (60 g K O H dissolved in 40 ml water) were added. A reflux condenser was 
attached and the reaction mixture was heated with stirring on boiling water bath for 
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60 min. Then 50 ml of water were added through the top of the condenser. The 
mixture was shaken and cooled to room temperature. The solution was transferred 
to a 250 ml separator. The round bottom flask and the condenser were rinsed with 
five 10 ml portions of petroleum ether (analytical grade) and then added to a 
separator. The separator was shaken vigorously for 1 min and the solution was 
allowed to separate until two clear layers were observed. The soap solution was 
drained into a second 250 ml separator and extraction of unsaponifiable matter was 
repeated twice with two 50 ml petroleum ether. The three portions of petroleum 
ether extracts were combined and washed with 50% ethanol 3 times or until the 
washing solution is not alkaline indicated by pH paper. The petroleum extracts 
were then transferred to an oven-dried and pre-weighed 250 ml round bottom flask, 
with 10 ml petroleum ether rinsed, for rotary evaporation. The flask was 
horizontally put into an oven at 105°C for 30 min and then cooled for 1 hour in 
desiccator for weighing. All the above steps without adding tested sample were 
repeated for blank. The calculation of the unsaponifiable matter (%) was as below: 
[sample residue (g) - blank residue (g)]/test sample (g) x 100 
2.1.6. Determination of squalene, tocopherol and phytosterol contents 
For peanut DODp, 500.0 士 10.0 m g (to nearest 0.1 mg) was transferred into a 25 
ml volumetric flask and HPLC grade chloroform was added to the mark while 250.0 
土 10.0 m g (to nearest 0.1 mg) was weighed for soybean DODp. The samples were 
analyzed by GC-MS with temperature profile similar to section 2.1.2. Squalene 
(Sigma S-3626, > 98%), a-, §-，y-tocopherol (Merck 613424，> 95%), stigmasterol 
(Sigma S-2424,〜95o/o) and P-sitosterol (Sigma S-1270, 97%) were used as 
39 
standards while tetradecane (Sigma T-4633, > 99%) was used as an internal standard. 
2.1.7. Deduction of natural glyceride contents 
The natural glyceride content was deduced by the following formula: 
Glyceride (%) = 100% - free fatty acids content (%) - unsaponifiable matter (%) 
where free fatty acids and unsaponifiable matter contents were calculated in sections 
2.1.4 and 2.1.5 respectively. 
2.1.8. Other physical, chemical and biological analyses 
2.1.8.1. Elemental analysis 
A sample of 5.0 土 0.1 g (to nearest 0.1 mg) was weighed in a 50 ml volumetric 
flask and was diluted to the mark by H P L C grade ethanol. After transferring to PE 
bottle, a mix standard was prepared by mixing 38.9 m g MgSCU-TEbO and 22.0 m g 
KH2PO4 with 5 ml of ICP multi-element standard IV (Merck 0C316171) in a 50 ml 
volumetric flask and was diluted to the mark by H P L C grade ethanol. The elements 
to be determined were listed in the table below: 
"Z I Ba I B I ^ C u Mg Pb P S Zn 
Element 
Barium Boron Calcium Copper Magnesium Lead Phosphorus Sulfur Zinc 
Wavelength 233.53 249.68 315.88 324.75 279.08 226.31 213.62 182.04 202.55 
(nm) L _ _ i _ _ 
Manganese (High-Purity Standards, 100032-1) was used as an internal standard. 
The samples and standards were analyzed by inductively coupled plasma atomic 
emission spectrometry (ICP-AES). 
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2.1.8.2. Nitrogen 
Sample of 5.0 ± 0.1 g (to nearest 0.1 mg) was transferred into a screw-cap tube 
containing 10 ml 1 M KCl. The tube was shaken at 150 rpm for 1 hour to extract 
NHx-N and NOx-N (Rowell, 1996).- The sample was then allowed for phase 
separation and the aqueous phase was analyzed by SAN户〜Segmented Flow 
Auto-analyzer 
2.1.8.3. Water and volatile matter content 
A sample of 10.0 ± 0.1 g (to nearest 0.1 mg) was weighed and was put into oven 
at 65。C. The sample was weighed every 4 hours until the difference of successive 
weighing were less than 1.0 mg. 
2.1.8.4. Melting point and specific gravity 
A D O D p sample was taken from 4°C cold room and was placed on a thermo 
mixer (Eppendorf, Thermomixer 5436). The temperature was set at 25°C and was 
allowed to wait for 30 min to melt the sample. If the samples were not melted, they ； 
were placed into the thermo mixer and the temperature was increased by 1°C. They 
were allowed to wait for 5 min. The observation and temperature raising step were 
repeated until the sample was melted. 
D O D p samples and distilled water were put into a warm water bath with 
temperature set to 40°C. Then 200 /xl of sample were taken by 250 [JL\ syringe 
(Hamilton) and weighed to nearest 0.1 mg. The procedures were repeated for 
distilled water. The specific gravity was calculated as follows: 
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Specific Gravity of sample = density of sample /density of water 
where density of sample = volume of sample (ml)/mass of sample (g) 
2.1.8.5. Microbial counts 
For each batch of peanut or soybean D O D p , 100 i^l of the freshly collected 
D O D p were aseptically transferred on a nutrient agar plate and was spread over the 
plate surface. LB plate and P D A plate were used for bacterial and mould counts ; 
respectively. The plates were incubated at 28°C for 2 days before the microbial 
count. 
2.2. Production of fatty acid methyl esters (FAMEs) - Protocol A 
In protocol A，the free fatty acids in D O D p were directly esterified to fatty acid 
methyl esters (FAMEs). Then the FAMEs were purified by molecular distillation. 
i I 
2.2.1. Optimization of Esterification | 
Four parameters which are: molar ratio of methanol to DODp, molar ratio of 
D O D p to catalyst, reaction temperature and reaction time were done in the 
optimization process. Since the average molecular weights of free fatty acids of 
peanut and soybean were about 278 and 276，respectively, and their free fatty acids 
contents in both D O D p were about 85%. It is assumed that the molecular weight of 
the two D O D p was 277 g/L (taking the average of 278 and 276). One factor was 
varied at a time in this optimization process. Two-way A N O V A was used in data 
analysis with 95% confidence level. Experiment was done in triplicates which are 
three different batches of peanut and soybean DODp, respectively. 
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2.2.1.1. Molar ratio of methanol: D O D p 
Firstly, 101.0 土 0.5 ml of methanol (analytical grade) and 138.50 士 0.05 g 
D O D p (to nearest 0.01 g) (approximate molar ratio 5:1) were introduced into a 1 L 
round bottom flask which was placed into an oil bath on a hotplate at 75°C. Two 
magnetic stirrers were placed into the flask and oil bath, respectively. Then, the 
condenser was connected with the round bottom flask and tap water. After 5 min 
stirring and heating, 3.92 ml 98% sulfuric acid were added to the reaction mixture 
and the timer was started. At 5, 15, 30，45 and 60 min, the condenser was 
disconnected and approximately 10 ml reaction mixture were aliquoted into 15 ml 
falcon tube. The tube was centrifuged at 5000 rpm for 5 min and the lower phase 
was aliquoted and weighed. Then acid number assay was performed as in section 
2.1.3 to determine the amount of free fatty acids remained. The amount of a sample 
I 
required was according to the table below. 丨 
i 
1 i 
Expected acid no. Mass of samples (g) Accuracy of weighing (g) 
1.0-<5.0 5.0 土 0.5 0.02 
5 - < 2 0 1.0 土 0.1 0.005 
20-< 100 0.25 士 0.02 0.001 
100-<260 0.1 土 0.01 0.0005 
The procedures were repeated with different volumes of methanol: 142，183 and 
223 ml equivalent to the different molar ratios to D O D p as 7:1，9:1 and 11:1, 
respectively. The data were plotted with acid number against time in mean 土 
standard deviation for different molar ratios of methanol to DODp. 
2.2.1.2. Molar ratio of DODp: sulfuric acid 
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The optimal methanol amount determined from the previous experiment in 
section 2.2.1.1 (223 ml), was fixed, and the reaction temperature was set at 75°C. 
The procedures were similar to section 2.2.1.1 with different catalyst amounts: 1.31, 
2.61, 3.92 and 5.22 ml equivalent to the different molar ratios of D O D p to catalyst as 
1:0.05, 1:0.1，1:0.15 and 1:0.2’ correspondingly. The data were plotted with acid 
number against time in mean 土 standard deviation for different molar ratios of D O D p 
to catalyst. ： 
2.2.1.3. Reaction temperature 
The optimal methanol and catalyst amounts determined were: 223 ml and 5.22 
ml, respectively and fixed in this experiment. The procedures were similar to 
section 2.2.1.1 with reaction temperature varied from 55。C, 65。C, 75°C to 85°C. 
The data were plotted with acid number against time in mean 士 standard deviation 
. � 
for different reaction temperatures. When the esterification using the optimized 
‘ ！ j 
conditions was completed, the reaction mixture was transferred into a separating 
funnel. After a few hours, the lower phase containing FAMEs was drained off for 
further purification. The upper phase would be rotary evaporated for methanol 
recovery. 
To assess the performance, esterification efficiency was used. Esterification 
efficiency (ES % ) was calculated in the formula below: 
ES 二（original acid number - final acid number)/original acid number x 100% 
2.2.2. Optimization of Molecular Distillation 
Three parameters, which are feed rate of sample, distillation temperature and 
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rotary blade speed, were done in the optimization process. One factor variable at a 
time was used in this optimization process. One-way A N O V A was used in data 
analysis with 95% confidence level. All procedures in this optimization were run in 
triplicates from three different batches of D O D p . Other fixed conditions included: 
1 X 10_3 m m H g of vacuum and 8。C of chiller temperature. 
2.2.2.1. Feed rate 
Five different feed rates were tested: 0.67，0.8，1, 1.33 and 2 ml/min. The 
temperature was set at 145°C with rotary blade speed at 20 rpm. 20.0 土 0.1 g (to 
nearest 0.01 g) of esterified peanut or soybean D O D p were fed to a wiped-film 
molecular distillation system (Pope, 2” molecular glass lab still) at a feed rate of 0.67 
ml/min. When the distillation was completed in a particular experimental condition, 
j 
20 ml of H P L C grade ethanol was added to wash the residue if any. After rotary 
evaporation, the weights of the distillate and residue portion were determined. The 
distillate was analyzed and quantified by GC-MS as in section 2.1.2. The above , 
I ! 
1： 
Steps were repeated for the rest of feed rates. The purities of the methyl esters and t 
distillate yield were calculated and plotted in the graph in mean 土 standard deviation. 
2.2.2.2. Distillation temperature 
The feed rate and rotary blade speed were set at 1 ml/min and 20 rpm, 
respectively. The procedures were similar to section 2.2.2.1 with four different 
temperatures tested: 135, 140, 145 and 150°C. 
2.2.2.3. Speed of rotary blade 
The feed rate and distillation temperature were set at 1 ml/min and 140°C, 
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respectively. The procedures were similar to section 2.2.2.1 with five different 
rotary blade speeds tested: 5, 10，15, 20 and 30 rpm. 
2.2.3. Crystallization 
The method was modified from Lin and Koseoglu (2003). Firstly, 4.0 ± 0.1 g 
(to nearest 0.1 mg) of residue from molecular distillation in section 2.2.2 was 
dissolved into 40 ml warm crystallization solvent (80% acetone + 20% methanol, 
analytical grade) in 50 ml falcon tube. After cooling to room temperature, the tube 
was placed at -20°C overnight (16 hours). The tube was then centrifuged at -10°C 
at 9000 rpm for 5 min. The supernatant was collected, and the pellet was 
redissolved into 40 ml warm crystallization solvent and cooled to room temperature. 
The tube was placed at -20°C overnight. The mixture with phytosterol crystals was 
suction filtered using Whatman filter paper Qualitative no. 1. The filtrate was then 
I 
rotary evaporated for recovery of the crystallization solvent. The cake fraction | 
would be the phytosterol preparation while the evaporated fraction contained [ 
ti, 
_ I； 
tocopherols and squalene was called desterolized fraction. S 
2.3. Production of fatty acid methyl esters (FAMEs) - Protocol B 
The protocol B is an integration of different methods, namely saponification 
number (AOAC 920.160), determination of unsaponifiable matter (AOAC 975.13), 
esterification and washing. In brief, the free fatty acids and glycerides were 
neutralized and saponified by base in alcoholic solution. With the unsaponifiable 
matters extracted, the alcoholic soap solution was acidified to yield pure fatty acids 
which were then esterified to FAMEs. Unless specified, the experiments were 
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performed with triplicate from three different batches. 
2.3.1. Optimization of Saponification 
2.3.1.1. Saponification number 
The minimal amount of base required to saponify and neutralize the D O D p was 
determined by saponification number of oils and fats (AOAC 920.160). Firstly, 
, 5.00 土 0.05 g (to nearest 0.1 mg) of sample were put into an Erlenmeyer flask with a 
magnetic stirrer. Then 50 ml alcoholic potassium hydroxide (40 g K O H in 1 L 
ethanol) were added. The flask was heated for 30 min in an oil bath at 80°C with a 
condenser connected. The mixture was cooled and titrated with 0.5 M hydrochloric 
acid, using phenolphthalein as a pH indicator. A blank determination was 
performed along with that sample. The saponification number (mg K O H required 
to saponify Ig fat) was calculated by the following equation: 
28.05 (B - iS)/weight of sample where 
B: volume 0.5M HCl required by blank (ml) 
S: volume 0.5M HCl required for sample (ml) 
2.3.1.2. Saponification 
In order to verify the K O H amount determined (labeled as X) is the optimal 
amount and to determine the time required for complete saponification, 0.8 X, 1.0 X 
and 1.5 X of the K O H amount were tested. First of all, 10.0 士 0.1 g (to nearest 0.1 
mg) of sample was dissolved in 40 ml methanol in an Erlenmeyer flask with a 
magnetic stirrer. The flask was put in a water bath at 65°C. An appropriate 
amount of K O H solution was added and the mixture was stirred. At 5, 10, 15 and 
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20 min, approximately 5 ml of reaction mixture were aliquoted and immediately 
23.5% sulfuric acid of equal number of moles to the base was added to acidify the 
mixture. The mixture was allowed to shake for 5 minutes and was centrifuged at 
5000 rpm for 5 min. Then the upper layer was taken for acid number assay as in 
section 2.1.3. The acid number was then converted and calculated as the free fatty 
acid content as in section 2.1.4. The free fatty acid contents were plotted against 
time for different amounts of K O H . Two-way A N O V A was used in the data 
analysis. 
2.3.2. Extraction of unsaponifiable matter 
After determining the optimized condition of saponification, the unsaponifiable 
matter has to be extracted from the soap solution in order to purify the free fatty 
acids. From the alcoholic soap solution, after adding 15 ml distilled water, hexane 
of the equal volume to the soap solution was added and was magnetically stirred for 
5 min. Then the mixture was transferred into a separating funnel and was allowed 
to stand for about 10 min. The alcoholic solution was drained into the original 
Erlenmeyer flask and the extraction was repeated with an equal volume of hexane. 
Each hexane extract was washed with 50% methanol by gently shaking the mixture 
in a separating funnel and the lower washing solution was allowed to drain off when 
the separation was completed. Each portion of the hexane extract was rotary 
evaporated and the weight of unsaponifiable matter was determined. The number 
of times of hexane extraction was determined when the weight of unsaponifiable 
matter of the last extract was smaller than 1% (w/w) of the original sample. The 
washing solution would be rotary evaporated for methanol recovery. 
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2.3.3. Acidification 
Sulfuric acid (23.5%) of half of the mole of the potassium hydroxide was added 
into the hexane extracted alcoholic soap solution to acidify the mixture to yield the 
free fatty acids. The mixture was stirred with slow addition of the sulfuric acid. 
After 10 min, the mixture was poured into a separating funnel, and the aquatic lower 
phase was drained off. The upper phase was then rotary evaporated to remove any 
residue hexane to yield the purified free fatty acids. 
2.3.4. Esterification 
In section 2.2.1, the samples were D O D p which contained approximately 85% 
of the free fatty acids (85% reactants). In this case, since the samples were purified 
free fatty acids (100% reactants), the optimal condition of the esterification condition 
was similar to those stated in section 2.2.1 but the sample weight was deducted by 
15%. The acid number assay was performed to confirm the deduction. 
2.3.5. Hot water washing 
In order to remove residual methanol and catalyst, hot distilled water of 
temperature 80°C was added into the FAMEs, and the mixture was shaken gently. 
After about 30 minutes, the lower water phase was drained off. The FAMEs 
content in the sample was quantified as in section 2.1.2. 
2.3.6. Crystallization 
The crystallization procedure was the same as section 2.2.3 with the sample 
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being replaced by unsaponifiable matter. The cake fraction would be the 
phytosterol preparation while the evaporated fraction contained tocopherols and 
squalene was called desterolized fraction. 
2.4. Quantity and quality assessments of FAMEs 
FAMEs produced from protocol A and B were assessed in triplicates for 
quantity and quality assessments. 
2.4.1. Determination of purity and yield of FAMEs 
The purity of the FAMEs sample was determined in sections 2.2.2 and 2.3.5. 
For the FAMEs yield, firstly, 20.00 土 0.01 g (to nearest 0.1 mg) of D O D p were used 
to produce F A M E s using the optimized conditions in section 2.2 (protocol A) and 
section 2.3 (protocol B)，respectively. The F A M E s produced were weighed, and 
the yield of F A M E s was calculated as follows: 
Weight of DODp/weight of F A M E s x 100% 
The residue in protocol A and unsaponifiable matter in protocol B were used to 
determine the yield and purity of phytochemicals in section 2.5.1. 
2.4.2. Quality of FAMEs: Biodiesel Specifications in USA 
2.4.2.1. Sulfated Ash (ASTM D 874) 
A 38 m m diameter crucible was heated at 775 土 25°C for 10 min. It was 
cooled to room temperature in a suitable container and was weighed to the nearest 
0.1 mg. 20.0 土 0.1 g (nearest 0.1 mg) of the FAMEs sample were put into the 
crucible. The crucible carrying the sample was heated carefully until the content 
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was ignited with a flame. The temperature was maintained such that the sample 
continues to bum at a uniform and moderate rate (as indicated by the emission of the 
fumes). When burning ceased, the crucible was heated gently until no further 
smoke or fumes evolved. The crucible was allowed to cool to room temperature. 
98% sulfuric acid was added dropwise into the crucible. It was then carefully 
heated at low temperature on a hot plate until fumes were no longer evolved. The 
crucible was placed in the furnace at 775 土 25°C，and heating was continued until , 
oxidation of the carbon was completed. The crucible was cooled to room 
temperature. Three drops of water and 10 drops of 49% sulfuric acid were added. 
The crucible was slightly rocked so as to moisten the bottom of the crucible. The 
dish was heated again in hot plate as mentioned above and was then placed in the 
furnace at 775 士 25°C for 30 min. The crucible was cooled to room temperature. 
The crucible was weighed to the nearest 0.1 mg. The dropwise addition of sulfuric 
acid, heating at hot plate, heating in furnace and weighing were repeated until the 
successive weighing differed by no more than 1.0 mg. A sulfuric acid blank was 
done by adding an equal amount of the concentrated sulfuric acid to a crucible. It 
was heated until fumes were no longer evolved and then heating in the furnace at 775 
土 2 5 f o r 30 min. The crucible was cooled to room temperature and was weighed 
to the nearest 0.1 mg. 
The sulfated ash (%) was calculated as (A - B)/Wx 100% where 
A: weight of ash B: weight of blank W : weight of sample 
2.4.2.2. Copper strip corrosion test (ASTM D 130) 
All surface blemishes from all six sides of a copper strip (75 m m x 12.5 m m x 2 
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m m ) were polished by 65-^m silicon carbide paper. The strip was held with a piece 
of ashless filter paper in order to protect the copper trip. The strip was then placed 
into acetone which acted as a wash solvent. After the strip was taken from the wash 
solvent, the ends and the sides were polished with the 105卞m silicon carbide paper 
followed by the main surfaces in a direction of the long axis of the strip. When the 
strip is clean, it was immediately placed into 50 ml screw-cap tube containing 30 ml 
of the sample. The tube was placed into a water bath at 40。C for 3 hours. The 
strip was taken and the appearance of the copper strip was observed and judged with 
the A S T M Copper Strip Corrosion Standard. 
2.4.2.3. Water and Sediment (ASTM D 2709) 
40 ml of sample were placed into a 50 ml falcon tube. The tubes were 
centrifliged at 3500 rpm (-800 rcf) for 10 min. The bottom of the tube was 
observed to see if any water and sediment found. 
2.4.2.4. Conradson Carbon Residue of Petroleum Products (ASTM D 189) 
A weighed quantity of sample was placed in a crucible and subjected to 
destructive distillation. The residue underwent cracking and coking reactions 
during a fixed period of severe heating. At the end of the specified heating period, 
the test crucible containing the carbonaceous residue was cooled in a desiccator and 
weighed. The residue remaining is calculated as a percentage of the original sample, 
and reported as Conradson carbon residue. 10.0 土 0.1 g (to nearest 0.01 g) of 
sample were weighed into a small porcelain crucible (upper diameter: 30 m m and 
lower diameter: 24 m m ) containing two glass beads about 2.5 m m in diameter. The 
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crucible was placed in the center of a larger porcelain crucible (upper diameter: 38 
m m and lower diameter: 24 mm). The sand in the large stainless steel box (12 x 12 
X 9 cm) was leveled, and the larger crucible was set on the center of the box. The 
larger crucible and box were covered loosely to allow free exit to the vapors if 
formed. The box was placed on the tripod with a bunsen burner on the bottom. 
Heat was applied with a high, strong flame so that the pre-ignition period would be 
about 10 min. The small flame was adjusted when smoke appeared and was kept 
constant until the vapors ceased. The burner was readjusted, and the heat was held 
as at the beginning so as to make the bottom and lower parts of the steel box cherry 
red, and was maintained for exactly 7 min. The burner was removed, and the 
apparatus was allowed to cool down. The small crucible was weighed and 
percentage carbon residue was calculated as below: 
The carbon residue (%) was calculated as (A — B)/Wx 100% where 
A: weight of crucible after treatment 
B: weight of original small crucible 
W: weight of sample tested 
2.4.2.5. Determination of Free and Total Glycerine in B-lOO Biodiesel Methyl Esters 
Bv Gas Chromatography (ASTM D 6584) 
100 ± 1 m g (to nearest 0.1 mg) of sample were weighed into a 15 ml screw cap 
tube. 100 |iL of tetradecane (internal standard, Sigma T-4633, >99%) and 
N-methyl-N-trimethylsilyltrifluoracetamide (MSTFA, Sigma M-7891) were added. 
The tube was shaken, and was allowed to set for 15 to 20 min at room temperature. 
Approximately 8 ml of n-hexane were added to the vial with shaking. About 1 /xl of 
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the sample was then injected and analyzed by gas chromatography with flame 
ionization detector (GC-FID). A HP-5 M S column of 5 % phenyl methyl silicone 
(0.25 m m x 30 m x 25 /xm film thickness) was used. The temperature profile was as 
follows: Temperature was initially held at 50°C for 1 min and increased to 180°C 
with a rate of 15。C/min. Then the temperature was increased to 230°C with a rate 
of 7。C/min. Finally, the temperature was increased to 350°C with a rate of 
30°C/min and was held for 11 min. A mixed mono -�di-, tri-glycerides (Fluka 
49960,〜40o/o,〜30% and 〜30%, respectively) and glycerol standard (Sigma 
G-5516, > 99%) were run parallel for identification. 
2.4.2.6. Flash point (modified from A S T M D 93) 
Approximately 10 ml of the sample were aliquoted into a porcelain crucible 
with a magnetic stirrer. The crucible was placed into an oil bath on a hot plate. A 
thermometer was placed into the sample, and the hot plate was adjusted so that the 
temperature of sample was about 110°C (20°C of the expected flash point). An 
ignition source was applied on the surface for less than one second to see whether the 
sample was flashed (defined as a large flame appears and instantaneously propagates 
itself over the entire surface of the test specimen). The procedure was repeated for 
every 5°C increase until the sample was flashed. 
2.4.2.7. Determination of Additive Elements in Lubricating Oils bv Inductively 
Coupled Plasma Atomic Emission Spectrometry (ASTM D 4951) 
This part of experiment was done similar to section 2.1.8.1 with FAMEs as the 
sample. 
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2.4.2.8. Kinematic Viscosity 
Kinematic viscosity can be calculated by the follow formula, r| = vp 
where r| 二 dynamic viscosity, mPa.s 
V = kinematic viscosity, mm^/s 
p 二 density, kg/1 
The dynamic viscosity was measured by using Brookfield Viscometer (LVDV 
III). The method was modified from A S T M D 2983. Firstly, approximately 60 ml 
of sample were transferred in 100 ml Duran bottle which, in turn, was placed into 
water bath set at 40°C. Spindle LV-1 was attached to the viscometer, and the 
viscometer position was adjusted to fully immerse the spindle into the sample. The 
viscometer was started, and the spindle rotation was set to 100 rpm. After a few 
seconds, the reading was recorded, and the reading must be taken within 1 min. 
2.4.2.9. Cetane index. Cloud Point and Distillation Temperature (ASTM D 613， 
A S T M D 2500 and A S T M D 90) 
Since the testing facility is not available in Hong Kong, samples were sent to 
commercial testing laboratories overseas for analyses of these three properties. 
Cetane index (ASTM D 4737)，Cloud Point (ASTM D 2500) and Distillation 
Temperature (ASTM D 1160) of FAMEs product from protocol A were done by ALS 
Laboratory Group in Australia while Cetane index (ASTM D 976), Cloud Point 
(ASTM D 2500) and Distillation Temperature (ASTM D 86) of FAMEs product from 
protocol B were done by Analysts Inc. in USA. 
2.4.3. Toxicity assays of FAMEs 
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In all the toxicity tests, FAMEs of two protocols from peanut and soybean 
D O D p were tested with triplicate. 
2.4.3.1. Acute toxicity to mice 
The mice were fasted overnight and were weighed. Then sample of 1.5% of 
their body weight was force-fed into their stomach by a 1 ml-syringe. C o m oil was 
used as a control. The mice were observed after 15, 30，60’ 180 min and finally 24 
hours. 
2.4.3.2. Seed germination test 
The method was modified from Adam & Duncan (2002). Seeds of Lolium 
perenne were soaked in approximately 5 ml sample for 1 day in a 15 ml falcon tube. 
Then approximately 5 ml of water were added, and the tube was centrifuged at 5000 
rpm for 5 min as a washing step. After removing the upper phase, the washing step 
was repeated once more. Then, 25 seeds were placed in a petri dish with a 
i ( 
Sterilized filter paper. Three milliliters of distilled water were added to the filter 
paper. The dish was placed in a sealed transparent plastic bag and the bag was put 
in an environmental chamber at 24°C with 12 hrs illuminations. At day 5, the 
plates were examined, and the number of seed germinated was recorded. 
2.4.3.3. Acute toxicity to aquatic invertebrate 
The toxicity method was modified from Standard Methods for the Examinations 
of water and wastewater, 8711 (1995). Daphnia magna was obtained from Marine 
Science Laboratory in The Chinese University of Hong Kong. They were cultured 
at 22°C with 16 hours illumination. Chlorella sp. was used as food source for the D. 
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magna. After several generations, 20 of the neonates were transferred into Duran 
bottle pre-mixed with 100 ml distilled water containing an equal amount (50,000 
algal cells/ml) of Chlorella sp. and 0.01 ml of FAMEs sample. The bottle was 
placed at environmental chamber at 22°C with 16 hours illumination. Water and 
petroleum diesel were used as negative and positive control respectively. After 24 
hours, the number of D. magna immobilized was observed. 
2.5. Quantity and quality assessments ofphy to chemical products 
2.5.1. Determination of purity and yield of phytochemicals in phytosterol and 
desterolized fractions 
In section 2.4.1.，the residue in protocol A and unsaponifiable matter in protocol 
B were crystallized as in section 2.2.3. The weight of the cake phytosterol fraction 
was measured, and 25 ± 1 m g (to nearest 0.1 mg) of phytosterols were dissolved in 
I 
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H P L C grade chloroform using 25 ml volumetric flask. The phytosterol fraction was ’ 
then analyzed by GC-MS using the condition in section 2.1.2. For the desterolized • 
fraction, after rotary evaporation of the crystallization solvent, the desterolized ‘ 
fraction was weighed and 100 土 5 m g (to nearest 0.1 mg) of sample were transferred 
into a 25 ml volumetric flask with chloroform (HPLC grade) added to the mark. 
The sample was then analyzed by GC-MS as in section 2.1.2. The yields or 
recoveries of the phytochemicals in each fractions were calculated by the following 
formula: (% of A in D O D p x w)/(% of A in fraction x W ) x 100% where 
w is the weight of DODp; W is the weight of the final fraction 
A is a phytochemical species (e.g. squalene, a-tocopherol or p-sitosterol) 
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2.5.2. Antioxidants activity of desterolized fraction 
2.5.2.1. A B T S scavenging activity 
The method was modified from Miller et al. (1996). Firstly, 5.000 m M of 
A B T S (2,2-azino-di(3-Ethylbenzthiozolinesulfonate-(6)) (Roche 102946, 99%) 
solution was prepared by dissolving 1372 m g A B T S into 50 ml deionized water 
using a volumetric flask. The solution was pre-incubated at 30°C prior to use. 
Vitamin C, a-, 5-, y-tocopherols, squalene, stigmasterol and P-sitosterol were 
separately dissolved into ethanol (HPLC grade) and were diluted to four 
concentrations which were 10, 20, 100 and 500 /xg/ml. Desterolized samples from 
peanut and soybean D O D p using both protocol A and B were diluted to four 
concentrations which were 125, 250, 500 and 1000 /xg/ml. Then 198 /xl of A B T S 
solution were aliqouted into a 96-well microplate. Samples and standards of 2 fil 
i 
were added into the well containing the A B T S solution with pipette up and down. \ 
After exactly 6 min, the absorbance at 734 n m was measured. | 
i 
I I t> 
2.5.2.2. Free radical scavenging activity 
The method was modified from Gulcin et al. (2002). 
2,2-diphenyl-1 -picryl-hydrazil (DPPH) (Sigma D-9132, -90%) solution was 
prepared by dissolving 5.4767 g D P P H into ethanol (HPLC grade) in 25 ml 
volumetric flask to make a 0.5000 m M DPPH solution. Vitamin C，a-, 6-, 
Y-tocopherols, squalene, stigmasterol and p-sitosterol were separately dissolved into 
ethanol (HPLC grade) and were diluted to four concentrations which were 1，5, 10 
and 20 /ig/ml. Desterolized samples were diluted to concentrations at 10，25，50 
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Then 50 jtd of D P P H solution were added into a 96-well microplate. After adding 
150 /xl of the samples or standards, the solution was gently shaken and incubated at 
room temperature for 30 min. Absorbance at 517 n m was measured. The lower the 
absorbance was, the higher the scavenging activity of the D P P H radical of the 
sample was. 
2.5.3. Anti-proliferative effect on cancer cells of phytosterols 
2.5.3.1. Cell culture 
The human HI299 lung cancer cell line and Hep G2 liver cancer cell line were 
obtained from A T C C (Manassas, VA). Both cell lines were cultured in RPMI 
Medium 1640 (Gibco BRL，11875-036) supplemented with 2 g sodium bicarbonate 
per liter medium and 10% fetal bovine serum (FBS) (Gem Cell, 100-500) in a 





2.5.3.2. Determination of optimal cell density for antiproliferative assays 
The optimal cell density of each cell line was determined by growth curves 丨: 
using M T T assay and cell viability test. 
A. M T T assay 
Cell proliferation was studied by the tetrazolium salt method which based on the 
ability of live cells to convert tetrazolium salt into purple formazan. Cells were 
seeded in 96-well plate with cell density of 1 x 10^ 2 x 10^ 4 x 10^ and 8 x lOVwell 
(3125, 6250, 12500 and 25000 cells/cm^  respectively). The medium was replaced 
with fresh medium after overnight incubation. Then 25 /xl of thiazolyl blue 
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terazolium bromide (5 mg/ml) (Sigma, M-5655) solution at 24，48，72 and 96 hours 
were added to each well, and the plates were further incubated for 2.5 hours at 37°C. 
The medium was removed, and 80 fil M T T solubilization solution (10% Triton, 90% 
isopropanol with 10% IN HCl) were added to each well to solubilize the 
water-insoluble purple formazan crystals. The absorbance was measured with a 
microplate reader (SpectraMax 250, Molecular Devices Absorbance Microplate 
Reader Systems) at 575 nm. All the measurements were performed in 5 replicates. 
The growth curve was plotted with data shown in mean 士 standard deviation. 
B. Trypan blue cell viability assay 
Cells were seeded in 96-well plate with cell densities of 1 x 10^, 2 x 10^, 4 x 10^ 
and 8 x loVwell (3125, 6250, 12500 and 25000 cells/cm^  respectively). The 
I 
medium was replaced with fresh medium after overnight incubation. The cells were j 
harvested at 24, 48，72 and 96 hours. At the specified time, the medium was removed, 
and 25 /xl of 0.25% Trysin-EDTA (Gibco BRL, 15400-054) solution were added to 
•i. 
I \ 
each well, and the plate was incubated at 37°C for 5 min. Then 25 /xl of 0.4% 
Trypan Blue solution (Sigma, T-8154) were added to each well. The cell 
suspension was loaded to the counting chamber of a hemacytometer, and the number 
of unstained cells was counted. The growth curve was plotted with data shown in 
mean 士 standard deviation. 
2.5.3.3. Anti-proliferative effect of phytosterols on HI299 and Hep G2 
A. M T T assay 
Using the optimal cell density found in section 2.5.3.2.，H1299 and Hep G2 
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were seeded in 96-well plate with cell densities of 2 x loVwell (6250 cells/cm^ ) and 
6 X lOVwell (18750 cells/cm^ ) respectively. They were incubated overnight at 37。C. 
Then medium was removed and replaced with medium containing stigmasterol 
(Sigma S-2424,〜95%) or (3-sitosterol (Sigma S-1270, 97%) of various 
concentrations: 1，2, 4，8, 16 /xM and 5 m M hydroxypropyl-/5-cyclodextrin (Fluka 
56332) as vehicle. The antiproliferative effects of the phytosterol preparation from 
peanut and soybean D O D p at equivalent doses of P-sitosterol were studied. The 
cells were incubated for 24, 48，72 and 96 hours and the procedures followed those 
of 2.5.3.2(A). Five replicates were done, and the data were shown as% inhibition 
against time in the graph. 
B. Trypan blue cell viability assay 
The cell seeding procedures and sample adding procedures were similar to 
section 2.5.3.3(A). At time 24, 48，72 and 96 hours, the medium was removed, and 
25 /xl of 0.25% Trysin-EDTA (Gibco BRL, 15400-054) solution were added to each 
1 
well and the plate was incubated at 37°C for 5 min. Then 25 fil of 0.4% trypan blue '’ 
solution (Sigma, T-8154) were added to each well. The cell suspension was loaded 
to the counting chamber of a hemacytometer and the number of unstained cells was 
counted. Five replicates were done and the data were shown as cell viability against 
time in the graph. 
2.5.3.4. Detection of action mechanism(s) of the anti-proliferative effects of 
p-sitosterol on HI299 and Hep G2 cancer cells 
A. m R N A expression assay by RT-PCR (Reverse Transcription Polymerase Chain 
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Reaction) 
Cell Culture: Using the optimal cell density found in section 2.5.3.2., H1299 
and Hep G2 cancer cells were seeded in 6 well plate with R P M I medium containing 
10% FBS. After 24 hours incubation 5 % CO2 in air at 37°C，the medium was 
removed and replaced with medium containing 16 /xM P-sitosterol and 5 m M 
hydroxypropyl-jS-cyclodextrin as vehicle. Control received new medium with 5 
m M hydroxypropyl-jS-cyclodextrin. Cells were harvested after 3 days incubation 
and R N A extraction was carried out afterwards. 
Isolation of RNA: Total R N A was isolated using TRIzol reagent (Invitrogen, 
15596-018). One milliliter of TriPure Isolation Reagent was added to each well. 
Then the cell suspension was harvested and transferred to 1.5 ml eppendoff. Then 




vigorously for 15 seconds. The mixture was then kept on ice until centrifugation | 
I 
was carried out at 14,000 x g for 15 minutes at 4°C. The supernatant was 
transferred into a new eppendoff tube and the R N A was precipitated with 500 j^l , 
isopropanol. The precipitated R N A was collected by centrifugation at 14,000 x g 
for 10 minutes at 4°C again. Supernatant was discarded after precipitation and the 
R N A pellet was washed by 1 ml 70% ethanol. Then the ethanol was removed by 
centrifugation at 14,000 x g for 10 minutes at 4。C and the pellet was dried in a D N A 
Speed Vac (Eppendrof, Concentrator 5301) for 15 minutes. The pellet was 
resuspended in 20 jiil dimethyl pyrocarbonate (DEPC) (Sigma, D-5758) treated ultra 
pure water. The quantity and purity of R N A were determined by spectrophotometry. 
Two microliter of sample were added into 198 of water using a 96 multi well plate 
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for measuring U V absorbance. One unit of OD260 corresponds to approximately 4 
|j,g/|il R N A . The quality of nucleic acids was determined by the ratio of OD260 and 
OD280- For pure R N A , the ratio of OD260/OD280 is around 2. 
First strand c D N A synthesis: One microgram of total R N A was mixed with 1 |li1 
of oligo(dT)i2-i8 (10 pmol/|jl) together with 1 ^il P G R grade dNTPs mix (Invitrogen, 
10297-117) and made up to the volume of 10 \i\ with DEPC-treated water, which was 
RNase-free. The reaction mixture was incubated at 65°C for 5 minutes using a 
thermal cycler PTC-IOOTM (MJ Research, Inc.). At the end of the incubation 
period, the mixture was chilled on ice for at least 1 minute. After chilling, 4 5X 
RT buffer, 2 |li1 0.1 M dithiothreitol (DTT) (purchased with M - M L V Reverse 
Transcriptase), 1 |il RNaseOUT Recombinant RNase inhibitor (Invitrogen, 
i 
10777-019) were added to each reaction mixture. Then the mixture was incubated 
i 
at 42°C for 2 minutes and chilled on ice again afterwards. Then 1 of M - M L V 
Reverse Transcriptase (Invitrogen, 28025-021) was added and the mixture was 
further incubated at 42°C for 50 minutes. The reaction was terminated at 70°C for 
• liQ 
15 minutes. The c D N A synthesized was stored at -20°C until use. 
Amplification of cDNA: Semi-quantification of apoptotic genes was carried out 
using RT-PCR and the method was modified from Zhang et al. (1999). Reaction 
mixture containing IX Reaction Buffer, 3.5 m M MgCl]，0.2 m M dNTPs, 10 p M 
primers, 1.5U Taq D N A polymerase (Thermoprime Plus) was prepared together with 
about 100 ng D N A and ultra pure water was added to make up the volume to 10 |nl. 
Specific PGR profile was 95。C for 1 min; 58°C for 1 min and 70°C for 1 min for 30 
cycles followed by extension for 10 min. The primer sets used for PGR 
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amplification are as follows: 
Table 2.1. Primer sets for RT-PCR analyses of apoptotic genes (Zhang et al., 1999; 
Oh & Chung, 2004). 
Primer Sequence No. of base pair 
a-actin forward 5 '-GGAGCAATGATCTTGATCTT -3 ’ 204 
0!-actin forward 5'-CCTTCTGGGCATGGAGTCCT-3, 
Bcl-2 forward 5 '-GGTGCCACCTGTGGTCCACCTG-3 ‘ 459 
Bcl-2 backward 5 '-CTTCACTTGTGGCCCAGATGG-3 ’ 
Bax forward 5'-CAGCTCTGAGCAGATCATGAAGACA-3‘ 538 
Bax backward 5 '-GCCCATCTTCTTCCAGATGGTGAGC-3 ’ 
p53 forward 5'-CTGAGGTTGGCTCTGACTGTACCA-3‘ 591 ； 
p53 backward 5 '-CTCATTCAGCTCTCGGAACATCTC-3 ’ | 
i , 'I 
After PCR, amplification products were resolved by 2 % agarose gel “ 
electrophoresis, and images were captured using a gel documentation system 
(BIO-RAD Gel Doc 1000). The amount of specific gene expression was 
normalized by comparing the intensity of the target gene to that of the amplified 
a-actin from the same batch of c D N A sample. The % volume intensity of each 
target bands would be calculated using BIORAD Gel Doc 1000 for comparison. 
B. BrdU assay 
The D N A replication assay was done using BrdU assay kit (Roche, 1669915), 
and the procedure was provided by the supplier. The cell seeding procedures and 
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sample adding procedures were similar to section 2.5.3.3(A). At time 24, 48, 72 
and 96 hours, 15 fil of BrdU labeling solution were added into each well with a final 
concentration of 10 /xM BrdU labeling solution. The cells were then incubated for 
additional 2 hours at 37°C. The labeling medium was removed after the 2-hour 
incubation by tapping off the plate. Then 200 /xl/well FixDenat was added and the 
cells were incubated for 30 minutes at room temperature. The FixDenat solution 
- was removed thoroughly by flicking off and tapping again. Afterwards, 100 /xl/well 
Anti-BrdU-POD working solution was added to the cells and the plate was incubated 
for about 30 minutes at room temperature. The antibody conjugate was then 
removed by flicking off, and the cells were rinsed three times with 200 /xl/well 
washing solution. The washing solution was left in the well for 3 minutes during 
each washing step which may help reduce background and increase precision. The 
washing solution was removed by tapping and the clear bottom was then sealed with I 
i‘ 
I 
a black adhesive foil and 100 /xl substrate solution were added to each well. All the 
wells were added with the substrate solution within a minimum period of time and J 
were incubated at room temperature for at least 3 minutes on a shaker. In order to ” 
avoid burning out of substrate, samples should be quantified within 10 minutes after 
adding the reagent and the light emission was measured in a microplate luminometer 
(ML3000; Microliter® Plate Luminometer). 
C. D N A microarray analysis 
m R N A purification: m R N A purification Kit (SuperrArray, GA-002) was used in 
the m R N A extraction. HI299 and Hep G2 cancer cells were seeded in an 80 m m 
sterile dish with the optimal seeding density found in section 2.5.3.2. After 24 
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hours, the medium was removed and replaced with medium containing 5 m M 
hydroxypropyl-jS-cyclodextrin as control and 5 m M hydroxypropyl-jS-cyclodextrin 
with 16 liM P-sitosterol as treatment. The cells were collected by trypsinization, 
centrifligation and subsequent washing with cold phosphate buffer saline (PBS, pH 
7.4) after 3 days of incubation. With the cold PBS removed, 1 ml of lysis buffer 
was added and was transferred into a 1.5 ml RNase-free eppendorf tube through a 
RNase-free pipette tip. The lysate was pipetted up and down several times for 
homogenization. The Oligo-dT beads were thoroughly resuspended and 100 /xl 
were transferred to an RNase free 1.5 ml eppendorf tube placing on a magnetic stand. � 
The supernatant was completely removed after the bead suspension had become clear. 丨 
The tube was removed from the stand and washed with 100 jLtl lysis buffer by mixing 
thoroughly. When the lysate was ready, the tube containing Oligo-dT beads was 
placed into the magnetic stand and the washing lysis buffer was removed. The tube 
was removed and the cell lysate was added into the tube. The tube was mixed by 
rotating at room temperature for 5 min. and was then placed on the magnetic stand 
i/: 
for 2 min. The supernatant was removed and the Oligo-dT beads were washed ‘ 
twice with 1.0 ml washing buffer A and once with 1.0 ml washing buffer B at room 
temperature by mixing well and using the magnetic stand for solution removal as 
described above. Then 25 /xl elution buffer were added to the tube and the tube was 
mixed well. The tube was incubated at 70。C for 2 min. and was then placed on the 
magnetic stand for separation. The supernatant was transferred to a new 
RNase-free eppendorf tube. The m R N A yield and purity were determined by 
measuring the absorbance of the m R N A preparation at 260 and 280 nm using 
microcuvette. The concentration of the m R N A should be roughly 0.1 /xg//xl. The 
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八260 ：八280 ratio should be at least 1.7 before the subsequent microarray analysis. 
R T and LPR (Linear Polymerase Reaction) labeling: The AmpoLabelling-LPR 
Kit (SuperArray, L-03) was used for the R T (Reverse-Transcription) reaction and 
probe synthesis for subsequent microarray analysis. R T reaction was completed by 
the following procedures. Annealing mixture was prepared by adding 0.3 fig R N A 
into a sterile P G R tube containing 1 /xl RT primer and RNase-free water to make a 
total volume of 10 /xl. The contents were gently mixed with a pipetteman followed ； 
by brief centrifugation. The tube was placed in a thermal cycler at 70°C for 3 min. 
j 
and was cooled to 37°C holding for 10 min. During the annealing incubation, RT 
cocktail was prepared in a sterile P C R tube with a mixture of buffer BL，RNase-free 
water, RNase inhibitor and reverse transcriptase in a ratio of 4: 4: 1: 1 respectively. 
Then, 10 jul of the R T cocktail were added to the annealing mixture with gentle 
mixing. The mixture was placed into a thermal cycler with temperature set at Y T C 
for 25 min, heated at 85°C for 5 min. and then held on ice until next step. During 
the R T reaction, the LPR (Linear Polymerase Reaction) cocktail was prepared in a 
sterile P C R tube with a mixture of buffer L, buffer AF, biotin-16-dUTP and D N A 
polymerase in a ratio of 18: 9: 2: 1 respectively. After the RT reaction was 
completed, the RT mixture was mixed with 30 [xl of the LPR cocktail with gentle 
mixing and the mixture was placed in the thermal cycler with the following 
temperature profile: 85°C, 5 min.; 30 cycles of (85。C，1 min., 50。C，1 min., 72。C，1 
min.); then 72°C, 5 min. Finally, the c D N A probe was denatured by setting the 
temperature at 94°C for 2 min. and immediately chilled on ice. 
Pre-hybridization: The GEArray Q Series Human Signal Transduction in 
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Cancer Gene Array (SuperArray, HS-044) was used for the pre-hybridization and 
hybridization steps. In pre-hybridization, the array membrane was pre-wet by adding 
about 5 ml of deionized water to the hybridization tube. The GEAhyb 
Hybridization Solution was wanned to 60°C and the sheared salmon sperm D N A 
was heated at 100°C for 5 min. with immediately chilling on ice. The GEAprehyb 
was prepared by adding heat-denatured salmon sperm D N A to the pre-warmed 
GEAhyb Hybridization Solution to a final concentration of 100 /xg/ml salmon sperm 
D N A . The deionized water in the hybridization tube was discarded and 2 ml of the ： 
GEAprehyb was added. The tube was then vortexed gently and was placed into ！ 
hybridization oven at 60°C for 2-72 hours with rotation at 5-10 rpm. 
1 
Hybridization: GEAhyb (note: different from GEAhyb Hybridization Solution) 
was prepared by adding entire volume of c D N A probe to 0.75 ml of GEAprehyb with 
gentle mixing and was kept at 60°C. The GEAprehyb in the hybridization tube was 
discarded and the GEAhyb (containing probe) was added to the hybridization tube. 
The tube was hybridized overnight at 60°C with rotation at 5 - 10 rpm. The 
membrane was washed twice with 5 ml wash solution 1 at 60°C with 20 - 30 rpm 
rotation for 15 min each. Then the membrane was washed twice with 5 ml wash 
solution 1 at 60°C with 20 - 30 rpm rotation for 15 min each. 
Detection: The chemiluminescent detection was done using the 
chemiluminescent detection kit (SuperArray, D-01). All the steps were done at 
room temperature. The array was blocked by adding 2 ml GEAblocking solution Q 
into the hybridization tube and was incubated for 40 min with rotation at 20 - 30 rpm. 
After discarding the blocking solution, 2 ml of binding buffer was added and was 
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incubated for 10 min with rotation of 5 - 10 rpm. The membrane was then washed 
four times with 4 ml IX buffer F for 5 min with gentle agitation. Then the 
membrane was washed twice with 3 ml buffer G and the buffer G was discarded. 
Finally, 1.0 ml of CDP-Star chemiluminescent substrate was added to the 
hybridization tube and incubated for 2 - 5 min. The membrane was blotted on a 
piece of filter paper to move excess CDP-Star solution but it was ensured to be wet 
enough for image acquisition. 
Image acquisition and analysis: The membrane was taken into a dark room and I 
I, 
I 
was placed on an X-ray film. After a fixed period of time, the membrane was taken i 
off and the image was taken in the X-ray film. The X-ray film was scanned and 
image was saved into TIFF format. The image was then analyzed by software 





3.1. Characterization of Physically Refined Deodorizer Distillate (DODp) 
3.1.1. Free fatty acids composition 
The G C chromatograms of the esterified peanut D O D p and soybean D O D p are 
shown in Figure 3.1a and Figure 3.1b respectively. In Figure 3.1a，the fatty acid 
methyl esters were C16:0, C18:2, C18:l, C18:0, C20:l, C20:0，C22:0 and C24:0 
with tetradecane as an internal standard. In Figure 3.1b，the fatty acid methyl esters 
were C16:0，C18:2, C18:l，C18:0，C20:0 and C22:0. Figure 3.1c shows the G C 
chromatogram of a mixed FAMEs standard which includes C14:0，C16:0, C18:2, 
C18:l, C18:0, C18:3, C20:l, C20:0, C22:l, C22:0 and C24:0. The standard was 
used for identification and verification. 
The free fatty acid compositions were deduced from their fatty acid methyl ester 
contents and the results are shown in Table 3.1. From the table, the free fatty acid 
compositions in peanut D O D p and soybean D O D p were different. The 
�!; 
predominant free fatty acid in peanut D O D p free fatty acid was oleic acid (CI8:1) f 
which constituted 42.7% while in the free fatty acids of soybean DODp, 46.3% were 
linoleic acid (CI8:2) which was the predominant one. Peanut D O D p contained 
higher oleic acid (CI8:1) by 43%, arachidic acid (C20:0) by 557% and behenic acid 
(C22:0) by 775% while soybean D O D p possessed higher palmitic acid (CI6:0) and 
linoleic acid (CI8:2) contents by 10 and 46% respectively. Peanut D O D p contained 
eicosenic acid (C20:l) and lignoceric acid (C24:0) while these two fatty acids were 
undetectable in soybean DODp. In addition, there was no significant difference in 
stearic acid (CI8:0) content between two DODp. The average molecular weight of 
the free fatty acids was calculated based on the different proportions of the free fatty 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.1. The free fatty acid compositions of the peanut D O D p and the soybean 
DODp. 
Name of the fatty acids, carbon chain 
length: no. of unsaturated bonds Peanut D O D p Soybean D O D p 
(molecular weight) 
Palmitic acid, C16:0 (256.43) 18.65 土 0.15 20.59 土 0.37 * 
Lioleic acid, CI8:2 (280.44) 31.70 ±0.25 46.31 ±0.18* 
Oleic acid, C18:l (282.47) 42.74 土 0.12 * 28.91 士 0.25 
，I 
Stearic acid, CI8:0 (284.48) 4.00 ± 0.02 3.93 ±0.07 
Eicosenic acid, C20:l (310.51) 0.51 土 0.01 Undetectable 
Arachidic acid, C20:0 (312.53) 0.92 土 0.02 * 0.14 ±0.01 
Behenic acid, C22:0 (340.58) 1.05 土 0.03 * 0.12 土 0.03 
Lignoceric acid, C24:0 (368.63) 0.43 土 0.01 Undetectable 
Average molecular weight of 
278.45 276.36 
free fatty acids (g) 
Statistical Analysis: Independent t-test; p < 0.05; * significantly more than other 
i'； 
group. Data presented as mean ± SD of 3 replicates. "‘ 
Take peanut D O D p as an example, the average M . W . = 18.65% x 256.43 + 
31.70% X 280.44 + 42.74% x 282.47 + 4.00% x 284.48 + 0.51% x 310.51 + 0.92% x 
312.53 + 1.05% X 340.58 + 0.43% x 368.63 = 278.45 while the average M.W. of 
free fatty acids in soybean D O D p was calculated as 276.36. 
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3.1.2. Acid number 
The acid numbers of the two D O D p are shown in Table 3.2. There was no 
significant difference in acid numbers of the two D O D p using the independent t-test 
at confidence level of 95%. 
Table 3.2. The acid numbers of the peanut D O D p and the soybean D O D p 
Peanut D O D p Soybean D O D p 
Acid number (mg KOH/g) 171 士 3 163 ±6 : 
-y 
I 1 1 1 
'I 
Statistical Analysis: Independent t-test; p < 0.05; * significantly more than other 
group. Data presented as mean 士 SD of 3 replicates. 
3.1.3. Free fatty acids, natural glyceride and unsaponifiable matter contents 
The free fatty acid contents were calculated by the following formula. 
FFA (%) 二 Acid no. /56.1 xM. W. of free fatty acids/1000 x 100% 
The free fatty acids, natural glyceride and unsaponifiable matter contents of the 
1' ‘I 
two D O D p are shown in Figure 3.2. There was no significant difference in free 
fatty acid contents and glyceride contents in the two D O D p while soybean D O D p 
contained significantly higher unsaponifiable matter content (10% w/w) than that of 
peanut D O D p (5% w/w) at;? < 0.05. 
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Free fetty acid Unsaponifiable matter Natural glycerides 
Figure 3.2. Basic chemical compositions of peanut D O D p and soybean DODp. 
Statistical Analysis: Independent t-test; p < 0.05; * significantly more than other 
group. Data presented as mean 士 SD of 3 replicates. Free fatty acid contents were 
determined by acid no. and average molecular weight of free fatty acids. 
Unsaponifiable matter by solvent extraction and natural glycerides calculated by free 
fatty acid contents and unsaponifiable matter content. 
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3.1.4. Squalene, tocopherol and phytosterol contents 
The G C chromatogram of peanut D O D p is shown in Figure 3.3a. The 
phytochemicals include squalene, y-tocopherol, a-tocopherol, stigmasterol and 
3-sitosterol with tetradecane as internal standard. In Figure 3.3b, the 
phytochemicals of soybean D O D p include squalene, 5-tocopherol, y-tocopherol, 
a-tocopherol, stigmasterol and p-sitosterol. The concentrations of squalene, 
tocopherols and phytosterols in peanut D O D p and soybean D O D p are shown in 
Figure 3.4. In the figure, soybean D O D p contained significantly higher a- and 
丫-tocopherols contents by 2 and 8 folds respectively while soybean D O D p contained 
0.9% of 5-tocopherol which was undetectable in peanut DODp. In addition, 
soybean D O D p contained 4 folds and 1.5 folds more stigmasterol and P-sitosterol 
than peanut D O D p correspondingly. However, squalene content in peanut D O D p 
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Figure 3.4. The phytochemical composition of the peanut D O D p and soybean D O D p 
by GC/MS. Statistical Analysis: Independent t-test; p < 0.05; * significantly more 
I 
than other group. Data presented as mean 士 SD of 3 replicates. 
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Figure 3.5. The Elemental contents of peanut D O D p and soybean DODp. Statistical 
Analysis: Independent t-test; p < 0.05; * significantly more than other group. Data 
presented as mean 土 SD of 3 replicates. 
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3.1.5. Other physicochemical and biological analyses 
The elemental contents of the two D O D p are shown in Figure 3.5 while the 
extractible N , and water and volatile matter results are summarized in Table 3.3a. 
In Figure 3.5，both D O D p contained less than 1 mg/L in all the eleven elements 
tested while sodium, potassium, zinc，lead, cadmium and sulfur were undetectable. 
There was no significant difference in the eleven elemental contents between peanut 
D O D p and soybean D O D p . In Table 3.3a，the N contents of the two D O D p were 
HI 
Al 
below 0.1 mg/L. However, the extractable N content in soybean D O D p was _ 
significantly higher than that in peanut DODp. For water and volatile matter 
contents, both D O D p contained less than 0.2% while peanut D O D p contained 
significantly higher water and volatile matter content than that of soybean DODp. 
In Table 3.3b，both D O D p were less dense than water with a specific gravity of about 
0.9. For the melting point, peanut D O D p melted at 31°C while soybean D O D p 
melted at 32。C. Figure 3.6a and 3.6b shows the agar plates after aseptically 
ii 
addition of 100 |al D O D p samples. There were no bacteria and mould observed in ； 
I 
an* 
the viable plate count test, and the microbial counts were thus below the detection 
limit (less than one unit per 100 
81 
Table 3.3a. The trace compounds in terms of extractable nitrogen, water and volatile 
matter of peanut D O D p and soybean DODp. 
Peanut D O D p Soybean D O D p 
Extractable Nitrogen (mg/L) 0.03 士 0.02 0.08 士 0.02 * 
Water and volatile matter content (% w/w) 0.12 ± 0.01 * 0.07 土 0.01 
Statistical Analysis: Independent t-test; p < 0.05; * significantly more than other 
group. Data presented as mean 士 SD of 3 replicates. : 
Mm 
；'•丨 
Table 3.3b. Melting point and Specific gravity of peanut and soybean D O D p 
Peanut D O D p Soybean D O D p 
Melting point (°C) 31 土 0 32 土 0 j 、 
Specific gravity O.QOS? ± 0.0102 0.9078 土 0.0116 ； 、 
I 




Figure 3.6a. Bacterial count of 100^1 Figure 3.6b. Mould count of lOOjiil D O D p 
D O D p on LB plate. on P D A plate 
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3,2. Production of fatty acid methyl esters (FAMEs) - Protocol A 
3.2.1. Optimization of Esterification 
In the experiment, all the results were analyzed by two-way A N O V A and ranked 
by Tukey's test at 95% confidence level to find the optimal experimental conditions 
for the esterification process. It was noted that the acid number in the FAMEs 
solution should be below 0.8 m g KOH/g in order to meet the specifications of 
biodiesel in U.S.A. T 
J 
3.2.1.1. Methanol to D O D p molar ratio 
Figure 3.7a and 3.7b show the effects of molar ratio of methanol to peanut ！ 
.f 
I丨丨 
D O D p and soybean D O D p on esterification efficiencies, respectively. The molar 
1: i 
ratio of 11:1 gave the best performance in the esterification process; in 30 min, the 、 
! 
acid number had dropped below 0.8 m g KOH/g. ' \ 
From the two-way A N O V A result, both the D O D p to methanol molar ratio and ！ 
reaction time were significant factors in the esterification process. The F values of J 
molar ratio factor for peanut and soybean sample were 481.3 and 494.1 respectively 
(p values of both equal to 0.000) while F values of time for peanut and soybean were 
1932.6 and 1520.0 respectively (p values of both equal to 0.000). The results 
indicate that reaction time play a more important role than methanol to D O D p molar 
ratio, although two factors were significant in esterification process. 
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Figure 3.7. The effect of methanol to (a) peanut D O D p and (b) soybean D O D p 
molar ratio in rate of esterification. 
Reaction conditions: D O D p to H2SO4 molar ratio 二 1: 0.15, reaction temperature 
二 75。C. Statistical Analysis: Two-way ANOVA，ranked by Tukey's test; p < 
0.05. Data presented as mean ± SD of 3 replicates. 
84 
3.2.1.2. D O D p to sulfuric acid molar ratio 
The effects of molar ratio of peanut D O D p or soybean D O D p to sulfuric acid on 
esterification efficiencies were examined (Figure 3.8a and 3.8b). In both cases, the 
optimal molar ratio was found to be 1:0.20 inducing the drop of the acid number to 
below 0.8 m g KOH/g in 30 min. 
The two-way A N O V A analysis shows that the molar ratios of both types of the 
D O D p to catalyst and the reaction time were significant factors in the esterification 
•J 
I"! 
process. Two factors played significant roles in the esterification process. ！ 
However, reaction time played a more significant role (F values for peanut and 
soybean: 1120.4 and 1291.3; p values of both DODp: 0.000) than molar ratio of 
• • i 
D O D p to catalyst (F values for peanut and soybean: 302.4 and 425.3; p values of j； 
i 
both DODp: 0.000). ) 
i 
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Figure 3.8. The effect of (a) peanut D O D p and (b) soybean D O D p to sulfuric acid 
molar ratio on rate of esterification. 
Reaction conditions: Methanol to D O D p molar ratio = 11: 1, reaction temperature 
=75°C. Statistical Analysis: Two-way A N O V A , ranked by Tukey's test; p < 
0.05; Data presented as mean 土 SD of 3 replicates. 
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3.2.1.3. Reaction temperature 
In Figure 3.9a, the reaction temperature at 85°C caused the greatest 
esterification efficiency for peanut DODp. However, esterification efficiency was 
the best only at 5 min. and the acid number did not reach the 0.8 m g KOH/g level as 
the reaction time increased. Therefore, reaction temperature at 75。C was chosen to 
be the optimal condition as the acid number dropped to 0.8 mg KOH/g at 30 min. 
In contrast, the reaction temperatures at 75 and 85°C have significant better ” 
performance than other reaction temperatures in the case of soybean D O D p (Figure J 
3.9b). The acid number in the FAMEs portion dropped to 0.8 m g KOH/g at 30 min. 
in both reaction temperatures. Since the lower the reaction temperature, the lower j 
'I 
of the energy would be consumed, the reaction temperature at 75°C was chosen as ； 
f 
the optimum for further analyses. Two-way A N O V A analysis reveals that the j 
reaction temperature and reaction time are significant factors in the esterification 、 
process for peanut and soybean DODp. Reaction time plays a more significant role 
(F values for peanut and soybean DODp: 2092.6 and 633.9; p values for both DODp: 
lA 
I 
0.000) than reaction temperature (F values for peanut and soybean DODp: 556.3 and 
150.0; p values for both DODp: 0.000) in the esterification reaction. Nevertheless, 
both factors played a significant role in the reaction. To summarise the optimized 
esterificaiton result, the best esterificaiton conditions for both peanut D O D p and 
soybean D O D p were molar ratio at 11:1:0.20 (Methanol : D O D p : H2SO4) at 75°C 
with 30 min reaction time. 
3.2.1.4. Calculation of esterification efficiency 
The esterification efficiency was above 99.9% when the acid number reached 
the 0.8 mg KOH/g level. 
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Figure 3.9. The effect of reaction temperature on the rate of esterification of (a) 
peanut D O D p and (b) soybean DODp. 
Reaction conditions: Methanol to D O D p to H2SO4 molar ratio =11:1: 0.20, 
reaction temperature = 75。C. Statistical Analysis: Two-way A N O V A , ranked by 
Tukey's test; p < 0.05. Data presented as mean 士 SD of 3 replicates. 
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3.2.2. Optimization of Molecular Distillation 
In the experiment, all the results were analyzed by one-way A N O V A and ranked 
by Tukey's test at 95% confidence level to find the optimal conditions for the 
distillation process. It was noted that the ester purity should be more than 98% as 
the highest requirement in Europe. There was no such requirement for biodiesels in 
U.S.A. 
3.2.2.1. Feed rate 
： 
The ester purity at feed rate 0.67 ml/min was significantly lower than those at | 
feed rate 1.33 and 2.00 ml/min, and its ester purity was found below the 98% level ^ 
for esterified peanut D O D p (Figure 3.10a). Also, the distillate yield decreased from 
860/0 to 54% as the feed rate was increased from 1.00 to 2.00 ml/min while there was 丨 
no significant difference in distillate yield at feed rate 0.67，0.80 and 1.00 ml/min. 
I 
Thus, a feed rate at 1.00 ml/min was the optimal for esterified peanut D O D p to yield 
the ester purity of 98% or above. In the case of esterified soybean D O D p , the ester : 
purities yielded at the feed rate 0.67 and 0.80 ml/min were below the 98% level and 
were significantly lower than those at feed rate 1.00，1.33 and 2.00 ml/min (Figure 
3.10b). Also, as the feed rate increased from 1.00 to 2.00 ml/min. the distillate 
yield decreased from 84% to 52% while there was no significant difference in 
distillate yield at feed rate 0.67 to 1.00 ml/min. Thus, the optimal feed rate was 
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Figure 3.10. The effect of feed rate on the yield and purities of the esters 
generated from (a) peanut D O D p and (b) soybean DODp. 
Experimental conditions: 145°C distillation temperature, 20 rpm rotating blade 
speed. Statistical Analysis: One-way A N O V A , ranked by Tukey's test; p < 0.05. 
Data presented as mean 土 SD of 3 replicates. 
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3.2.2.2. Distillation temperature 
Using the batch from esterified peanut DODp, the distillation temperature at 
135 and 140。C yielded significantly higher ester purities than other temperatures 
(Figure 3.11a). Besides, the ester purity at 150°C did not meet the European level, i.e. 
< 98%. In general, the distillate yield increased as the temperature increased, and 
the distillate yields at 140 and 145°C (-85%) were significantly higher than that at 
135。C (-80%). Since less energy will be consumed at lower distillation 
temperatures, 140°C was chosen as the optimal for further experiments. Similarly, ^ 
the ester purities at 135, 140 and 145°C using esterified soybean D O D p as the 
starting material were significantly higher than that at 150。C (< 98%) (Figure 3.11b). 
Among the 3 distillation temperatures 135, 140 and 145。C, higher distillate yield was 
I 
obtained at 140 and 145。C. Thus, for the purpose of energy saving, 140。C was ) 
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Figure 3.11. The effect of distillation temperature on the yield and purity of the 
methyl esters of (a) peanut DODp and (b) soybean DODp. 
Experimental conditions: 1 ml/min. feed rate, 20 rpm rotating blade speed. 
Statistical Analysis: One-way ANOVA, ranked by Tukey's test; p < 0.05. Data 
presented as mean 土 SD of 3 replicates. 
92 
3.2.2.3. Rotating blade speed 
Figure 3.12a shows that the ester purities at different rotating speeds for the 
blade were not different and were all above 98% for esterified peanut DODp. Yet, 
rotating blade speed at 10，15 and 20 rpm resulted in about 14% higher distillate 
yield when compared to 5 and 30 rpm. Thus, the optimal rotating blade speed was 
found in the range of 10 and 20 rpm. Similar results were obtained with esterified 
soybean D O D p (Figure 3.12b). 
oM •I'm 
Typical GC-chromatograms of peanut and soybean FAMEs are shown in Figure I 
3.13a and 3.13b respectively. In Figure 3.13a, all the peaks being identified were j 
fatty acid methyl esters (peaks 2 - 8) except peak number 9 which was squalene. 
While in Figure 3.13b, similarly, all the major peaks being identified were FAMEs. ； 
I丨丨. 1' 
I 
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Figure 3.12. The effect of rotating blade speed on the yield and purity of the 
methyl esters of (a) peanut D O D p and (b) soybean DODp. 
Experimental conditions: 1 ml/min. feed rate, distillation temperature 140°C. 
Statistical Analysis: One-way A N O V A , ranked by Tukey's test; p < 0.05. Data 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The molecular distillation residue from protocol A was crystallized to purify the 
phytosterols. A desterolized fraction, having the phytosterols removed from the 
distillation residue, contained squalene and tocopherols. 
3.2.3.1. Phytosterol preparations 
： The G C chromatograms of phytosterol preparations from distillation residues of 
11 
peanut D O D p and soybean D O D p generated by protocol A are shown in Figure 3.14a ！!| 
and 3.14b respectively. In the two chromatograms, only three major peaks were 




3.2.3.2. Desterolized fractions 
] 
I 
The G C chromatograms of peanut and soybean desterolized fraction in protocol 」 
A are shown in Figure 3.15a and 3.15b respectively. In Figure 3.15a, there were ‘ 
.1 
methyl esters, squalene, 丫-tocopherol and a-tocopherol. In Figure 3.15b, besides ；; 
those peaks found in peanut preparation from protocol A, 5-tocopherol was 
additionally detected in soybean preparation from protocol A. The quantities and 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3. Production of fatty acid methyl esters (FAMEs) — Protocol B 
3.3.1. Optimization of Saponification 
3.3.1.1. Saponification number 
The saponification numbers of peanut D O D p and soybean D O D p are shown in 
Table 3.4. The saponification number of peanut D O D p was significantly higher 




The effects of the amount of potassium hydroxide used and the reaction time on \ 
the saponification efficiency of peanut D O D p and soybean D O D p are presented in 
Figure 3.16a and 3.16b. The theoretical minimal amount of K O H used for 
saponification was found in section 3.3.1.1 as shown in Table 3.4 and represented as ] 
l.OX amount. In Figure 3.16a，the calculated optimal amount (l.OX K O H ) of base | 
required in the saponification did not show any significant difference when compared | 
i 
to the excess amount (1.5X K O H ) while it was significantly better than 0.8X K O H in ：； 
terms of free fatty acids yielded. Therefore, the calculated amount of base was the 
optimal in the saponification process. In addition, the l.OX K O H curve was 
analyzed by one-way A N O V A to detect the plateau or peak position if any. At 10 
min, the free fatty acid contents were significantly higher at time zero and 5 min 
while there was no significant difference between 15 and 20 min. Therefore, the 
plateau position was at 10 min. Similar results were obtained with soybean D O D p 
(Figure 3.16b). The calculated amount of base was the optimal and the plateau 
position was at lOmin. 
99 
Table 3.4. The saponification numbers of peanut D O D p and soybean DODp. 
Peanut D O D p Soybean D O D p 
Saponification number (mg KOH/g) 193 ± 2 * 187 ± 2 
Statistical Analysis: Independent t-test; p < 0.05; * significantly more than other 
group. Data presented as mean 土 SD of 3 replicates. 
(a) 100 I I 
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Figure 3.16. The effects of potassium hydroxide amount and reaction time on rate 
of saponification of (a) peanut D O D p and (b) soybean DODp. 
Reaction temperature = 65°C. Statistical Analysis: Two-way A N O V A , ranked by 
Tukey s test for curve comparison; One-way A N O V A , ranked by Tukey ’s test for 
plateau position identification; p < 0.05. Data presented as mean 士 SD of 3 
replicates. 
100 
3.3.2. Extraction of unsaponifiable matter 
For peanut D O D p , over 90% of unsaponifiable matter were extracted after the 
second extraction (Table 3.5). The residual unsaponifiable matter did not exceed 
the 1% (w/w) of the original sample, and therefore, the optimal number of 
unsaponifiable extraction was two for peanut D O D p . In contrast, over 90% of the 
unsaponifiables in soybean D O D p was extracted after the third extraction, and the 
residual unsaponifiable matter was lower than 1% (w/w) of the original sample. Thus, « 
J 
the optimal number of extraction of unsaponifiable matter in soybean D O D p was 3. r 
Table 3.5. The effect of extraction times on the yield of unsaponifiable matter. 20 g i 
•丨i ’i 
of a D O D p sample were used for extraction. 
ist extraction extraction extraction 
Extracted % of total Extracted % of total Extracted % of total ; 
weight (g) extracted weight (g) extracted weight (g) extracted � 
Peanut 
0.79 ±0.02 75.0 ±2.4 0.17 ±0.01 16.5 ±0.7 0.03 ±0.01 3.2 ±0.5 I 
D O D p  
i 
Soybean * 
1.40 ±0.02 68.2 ± 1.0 0.40 ± 0.04 19.3 ±1.8 0.10 ±0.01 4.6 ± 0.5 "’ 
D O D p  
3.3.3. FAMEs product after esterification 
The FAMEs from peanut D O D p and soybean D O D p using protocol B are 
shown in Figure 3.17a and 3.17b respectively. In Figure 3.17a，all the peaks being 
identified were fatty acid methyl esters (peak 2 - 10) while in Figure 3.17b, similarly, 
all the major peaks being identified were fatty acid methyl esters (peak 2-7). A 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































The unsaponifiable matter from protocol B was crystallized to purify the 
phytosterols. A desterolized fraction, having the phytosterols removed from the 
unsaponifiable matter, contained squalene and tocopherols. The quantities and 
recoveries of phytochemicals in each fraction from protocols A and B were compared 
in section 3.5.1. 
3.3.4.1. Phytosterol preparations ,1 
The G C chromatograms of phytosterol preparations from unsaponifiable matter 
of peanut D O D p and soybean D O D p generated by protocol B are shown in Figure 
3.18a and 3.18b respectively. In the two chromatograms, similar to the phytosterol 
i丨. 
preparations in protocol A, only three major peaks were found which were : 
I 
campesterol, stigmasterol and p-sitosterol with tetradecane as the internal standard. '' 
•I 
3.3.4.2. Desterolized fractions 
{• 
H 
The G C chromatograms of peanut and soybean desterolized fractions from 
unsaponifiable matter in protocol B are shown in Figure 3.19a and 3.19b respectively. 
Peanut sample contained mostly squalene (Figure 3.19a). In Figure 3.19b, there 
were in addition 5-tocopherol, y-tocopherol and a-tocopherol detected in soybean 
desterolized fraction. The quantities and recoveries of squalene and tocopherols in 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4. Quantity and Quality assessments of FAMEs 
3.4.1. F A M E s yield, purity and appearance 
The FAMEs yield and purity between two protocols are compared in Figure 
3.20a. The purities of FAMEs from both protocols were above 98% and there was 
no significant difference in FAMEs purity between protocol A and B. However, in 
terms of yield, protocol B resulted in significantly higher FAMEs yield (7% for 
peanut and 6 % for soybean FAMEs) when compared to protocol A at 95% 
confidence level. Nevertheless, the FAMEs yield from both D O D p in both ： 
protocols was higher than 84%. Figure 3.20b shows the typical appearance of 
I 
D O D p and FAMEs produced in this study. D O D p was a yellowish brown solid at 
room temperature while the FAMEs product has a clear amber yellow color. 
3.4.2. Specifications for Biodiesel in U.S.A. 
r. 
-I 
The quality of FAMEs generated was assessed with reference to the 
i ,1 
specifications for biodiesel in U S A (Table 3.6). The parameters included some fuel : 
characteristics such as flash point, viscosity, cetane number, cloud point, distillation ‘ 
temperature and possible impurities in fuel such as water and sediment, sulfated ash, 
sulfur and glycerine, etc. The flash point result was very consistent and passed the 
minimal requirement. The results of water and sediment, sulphated ash, carbon 
residue, copper strip corrosion, acid number, free and total glycerin and phosphorus 
contents were all within the limit set in the specifications. The kinematic viscosity 
result was found between the upper and lower limits in the specifications. The 
sulfur content of the FAMEs (34 — 64 ppm) met the sulfur content class B (< 500 
ppm) but did not meet the class A (< 15 ppm) in the specifications. The analysis 
results from the testing laboratories fulfilled the biodiesel specifications. 
106 
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Figure 3.20a. The yield and purity of FAMEs generated by protocols A and B using 
peanut D O D p and soybean DODp. Statistical Analysis: Independent t-test; p < 0.05; 
* significantly more than another protocol. Data presented as mean 士 SD of 3 
replicates. 
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3.4.3. Acute Toxicity assays of F A M E s 
3.4.3.1. Acute toxicity to mice 
After the sample feeding, the mice were monitored for one day. The behavior 
and appearance of the control and treatment groups (orally administrated at 15 g 
FAMEs preparation/kg body weight) are shown in Figure 3.21(a to f). No signs of 
•toxicities or abnormalities were observed in all the mice for 2 days. All mice 
survived even after 7 days. | 
.‘1 
3.4.3.2. Seed germination test 
Figure 3.2b shows the result of seed germination test, and the plate cultures of 
the seed germination test are shown in Figure 3.22a. Seed germination percentage 
of plant Lolium perenne in water was the highest (90%). All the FAMEs treatments 丨 
resulted in significantly higher seed germination percentages (70 - 80%) when : 
compared to petroleum diesel treatment (60%) by one-way A N O V A dtp< 0.05. 
3.4.3.3. Acute toxicity to aquatic invertebrate 
The acute toxicity effect to Daphnia magna is shown in Figure 3.23. The 
FAMEs product resulted in about 25% immobilization on D. magna while near 90% 
of D. magna were immobilized in diesel treatment which possessed significant 
difference when compared to all other treatment groups. 
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瞬圓 
Figure 3.21a. The control mice group in Figure 3.21b. The control mice group in 
the acute toxicity assay before fed with the acute toxicity assay after fed with com 
com oil. oil  —_._— — _ 
_国圍I 
Figure 3.21c. The treatment mice group in Figure 3.21d. The treatment mice group in ‘ 
the acute toxicity assay after fed with the acute toxicity assay after fed with 
Peanut FAMEs prepared by protocol A. Peanut FAMEs prepared by protocol B. 
^ r e g 
m m m ^ i i i i f ^ M-mmM^fi^mm 
Figure 3.21e. The treatment mice group in Figure 3.21f. The treatment mice group in 
the acute toxicity assay after fed with the acute toxicity assay after fed with 
soybean FAMEs prepared by protocol A. soybean FAMEs prepared by protocol B 
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^ ^ , * I 〜 . - “ • 、 ^ 
Figure 3.22a. Plates of the in vitro acute toxicity test using seed germination of 
Lolium perenne on the FAMEs preparations of peanut D O D p and soybean D O D p by 
protocols A and B. Distilled water was used as negative control, and petro-diesel was 
used as positive control. P-A 二 Peanut FAMEs from protocol A，P-B 二 Peanut 
FAMEs from protocol B, S-A = Soybean FAMEs from protocol A, S-B 二 Soybean 
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Figure 3.22b. The in vitro acute toxicity test using seed germination of Lolium 
I 
perenne on the FAMEs preparations of peanut D O D p and soybean D O D p by 
protocols A and B. Distilled water was used as negative control, and petro-diesel was 
used as positive control. Statistical Analysis: One-way A N O V A , ranked by Tukey's 
test; p < 0.05; data presented as mean 土 SD of 3 replicates. 
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100 - CT 
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1 蜜 
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I 40 - ^ i B B i§ 
i i i ^ 1 1 
Peanut Soybean Peanut Soybean Water Diesel 
FAMEs FAMEs FAMEs FAMEs 
protocol A protocol A protocol B protocol B  
Figure 3.23. The in vitro acute toxicity test using immobilization of Daphnia magna 
as reporter on the FAMEs preparations of peanut D O D p and soybean DODp by 
protocols A and B. Distilled water was used as negative control, and petro-diesel 
was used as positive control. Statistical Analysis: One-way ANOVA, ranked by 
Tukey s test; p < 0.05. Data presented as mean 土 SD of 3 replicates. 
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3.S. Quantity and Quality assessments of phytochemicals 
3.5.1. Phytochemicals recoveries and compositions in phytosterol preparations 
and desterolized fractions 
3.5.1.1. Phytosterols recoveries and compositions in phytosterol preparations 
Figure 3.24a shows the phytosterols recoveries from peanut and soybean 
samples by protocol A and B. In general, around 70 to 80% of the phytosterols _ 
were recovered. When comparing the phytosterol recoveries by the two protocols, ！ 
there was no significant difference among them. In addition, there was no 
I 
significant difference in phytosterol composition between samples from protocol A 
and B (Figure 3.24b). In peanut and soybean sterol preparations, P-sitosterol was 
the dominant compound which contributed about 70% and 50% (w/w) in the total 
preparations respectively (Figure 3.24b). In addition, the sterol fractions contained 
over 95% of phytosterols from the D O D p as the starting material as deduced by the 
area percentage in the chromatogram. The phytosterol preparations were in 
powdered form which was white in color as shown in Figure 3.24c. 
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(a) 100 .1 
M Samples from Protocol A • Samples from Protocol B 
！ 丨 丨 _ _ _ _ 
r 50 - 議 圓 m m 
140 - m m e B 
30 - P i B 
10 - 隨 _ 
Q M B I B U M l I -
Stigmasterol in /3-sitosterol in Stigmasterol in jS-sitosterol in 
Peanut Peanut soybean Soybean 
(b) 120 ~ 
• Samples from Protocol A • Samples from Protocol B 
o l O O - r ^ M 
！ 8。- _ _ 
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20 - „ rM _ • 國 _ • 
3 _ . _ . _ _ . i l . _ 
Stigmasterol /^ -sitosterol in Sum of Stigmasterol jS-sitosterol in Sum of 
in Peanut Peanut phytosterols in soybean Soybean phytosterols 
Figure 3.24. (a) Recoveries and (b) compositions of peanut and soybean 
phytosterols prepared in protocol A and protocol B. Statistical Analysis: 
Independent t-test; p < 0.05; * significantly more than another protocol. Data 
presented as mean 土 SD of 3 replicates. 
Note: The total phytosterol content was presented in arbitrary unit by summing up the areas 
of the 3 phytosterol peaks and presented as the relative area % in the GC chromatogram. 
^ n e s ： ； ^Sm 
, . .. Figure 3.24c. Typical appearance of phytosterol 
r^^^jd^^H preparations. 
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3.5.1.2. Squalene and tocopherols recoveries and compositions in desterolized 
fraction 
The squalene and tocopherols recoveries from peanut and soybean samples in 
protocol A and B are shown in Figure 3.25a and 3.25b. Tocopherols recoveries in 
the desterolized fractions from samples in protocol A were significantly higher than 
those in protocol B by independent t-test (p < 0.05). For squalene recovery, peanut 
desterolized fractions showed no significant difference between protocol A and B • 
while soybean desterolized fraction from protocol B possessed significantly higher ； 
recovery than that of protocol A by independent t-test (p < 0.05). 
I 
The phytochemical compositions in the peanut desterolized fractions from 
protocol A and B are compared in Figure 3.26a and 3.26b. There were significant 
higher tocopherols (3%) but lower phytosterols (3%) concentrations in preparations 
from samples in protocol A than those samples in protocol B (1% and 10% 
respectively). However, squalene concentration in peanut desterolized fraction by 
protocol B was 5 folds more than that by protocol A (Figure 3.26a). For soybean 
desterolized fractions, as with peanut case, protocol A preparations contained 
significantly higher tocopherols but lower squalene and phytosterols concentrations 
when compared to protocol B preparations as shown in Figure 3.26b. The soybean 
desterolized fraction from protocol A possessed about 3% of squalene and 19% of 
total tocopherols while soybean sample from protocol B contained about 10% of 
squalene and 13% of total tocopherols. The tocopherol contents among the four 
desterolized samples were in this order: Soybean A > Soybean B > Peanut A > 
Peanut B where Soybean A 二 Soybean desterolized fractions from protocol A; 
Soybean B 二 Soybean desterolized fractions from protocol B; 
Peanut A 二 Peanut desterolized fractions from protocol A; 
Peanut B 二 Peanut desterolized fractions from protocol B 
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Squalene S-Tocopherol y- a-Tocopherol Stigmasterol jS-sitosterol 
Tocopherol. 
Figure 3.25. Recoveries of phytochemicals in (a) peanut and (b) soybean 
desterolized fractions prepared from protocol A and protocol B. Statistical 
Analysis: Independent t-test; p < 0.05; * significantly more than another protocol. 
Data presented as mean 土 SD of 3 replicates. 
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3 5 - • Desterolized fraction of sample from Protocol A 
• Desterolized fraction of sample from Protocol B 
、 ！ I I 
r I 
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0 I ^ B , , I I , . » 卜。-• 
Squalene 6- y - a- Stigmasterol /3-sitosterol 
Tocopherol Tocopherol. Tocopherol 
(b) 〒  
35 - • Desterolized fraction of sample from Protocol A 
^ 國 Desterolized fraction of sample from Protocol B 
30 -
f 2 5 -
^ 2 0 -o 
• ^ H 
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o * * 
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5 - J m I—I _ • * n 
0 讓 ， l U . m m . . ^ J M • r r j 
Squalene 5-Tocopherol 7-Tocopherol. a-Tocopherol Stigmasterol /3-sitosterol 
Figure 3.26. Composition of phytochemicals in (a) peanut and (b) soybean 
desterolized fractions prepared from distillation residue in protocols A and 
unsaponifiable matter in protocol B. Statistical Analysis: Independent t-test; p < 
0.05; * significantly more than another protocol. Data presented as mean 土 SD of 
3 replicates. 
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3.5.2. Antioxidant activities of desterolized fractions 
3.5.2.1. A B T S scavenging activity 
Figure 3.27a shows the A B T S inhibition percentage by various standard 
compounds. Among the standard compounds, a-tocopherol had the highest ABTS 
scavenging ability followed by y-tocopherol, 5-tocopherol and then vitamin C while 
squalene, stigmasterol and P-sitosterol possessed no A B T S scavenging ability. In 
_ 
Figure 3.27b, it was found that the ABTS scavenging ability of soybean desterolized [ 
fraction from protocol A was significantly higher than that from protocol B. 
Similarly, peanut desterolized fraction from protocol A possessed significantly higher 
A B T S scavenging ability than that from protocol B. Since the percentage inhibition 




—Vitamin C -Wr- a-tocopherol 
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Figure 3.27a. Percentage inhibition of ABTS by vitamin C and phytochemicals. 
Statistical Analysis: Two-way A N O V A , ranked by Tukey's test; p < 0.05. Data 
presented as mean 土 SD of 3 replicates. 
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Figure 3.27b. Percentage inhibition of ABTS by desterolized fractions from 
protocol A and B. Statistical Analysis: Two-way ANOVA, ranked by Tukey's test; 
p < 0.05. Data presented as mean 土 SD of 3 replicates. 
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3.5.2.2. Scavenging Activities of DPPH radicals 
The scavenging abilities against D P P H radicals of various standard compounds 
are shown in Figure 3.28a. The IC50 values of vitamin C, a-tocopherol, 
丫-tocopherol and 5-tocopherol on D P P H were: 5.2, 7.4, 9.2 and 10.3 i^g/ml 
respectively while squalene, stigmasterol and P-sitosterol possessed no such 
antioxidation. From Figure 3.28b, the radical scavenging ability of soybean 
desterolized fraction from protocol A (IC50： 44.7 ^ g/ml) was significantly stronger 
than that from protocol B (IC50: 55.9 ^ ig/ml). Similarly, peanut desterolized fraction ； 
from protocol A possessed significantly higher anti-oxidation bioactivity than that 
i t 
from protocol B. Since the percentage inhibition of peanut samples on DPPH was 
far less than 50%, IC50 cannot be deduced. Figure 3.28c shows the correlation 
between tocopherol content of desterolized sample and DPPH radicals scavenging 
efficiency. When sample of more than 25 |Lig was added, a linear relationship was 
found between the tocopherols concentration in the sample and the percentage 
inhibition of DPPH radicals with the correlation coefficient (r) greater than 0.95. 
To summarize the results of the two antioxidant assays, desterolized fractions from 
protocol A possessed significantly stronger antioxidant power that the fractions from 
protocol B. In addition, antioxidant power of soybean desterolized fractions were 
significantly higher than those of peanut desterolized fractions. In other words，the 
antioxidant powers of the four samples were in this order: Soybean A > Soybean B > 
Peanut A > Peanut B and this correlated with the tocopherol contents. 
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Figure 3.28a. Percentage inhibition of DPPH by vitamin C and phytochemicals. 
Statistical Analysis: Two-way A N O V A , ranked by Tukey's test; p < 0.05. Data 
presented as mean 土 SD of 3 replicates. 
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Figure 3.28b. Percentage inhibition of DPPH by desterolized fractions from 
protocol A and B. Statistical Analysis: Two-way A N O V A , ranked by Tukey's test; 
p < 0.05. Data presented as mean 土 SD of 3 replicates. 
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Figure 3.28c. Correlation between total tocopherol contents in desterolized fractions 
and percentage inhibition of DPPH radicals. 
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3.5.3. Anti-proliferative effect of phytosterols on cancer cells 
3.5.3.1. Determination of optimal cell density for antiproliferative assays 
A. HI299 lung cancer cell line 
Figure 3.29a and 3.29b reveal the growth pattern of H1299 cancer cell line with 
different initial cell seeding densities by M T T assay and cell viability assay， 
respectively. In both figures, the cells showed exponential growth only with the cell 
density of 6250 cells/cm^ at the specified time. Cells with other cell densities were 
either slow growing or shunt growth at day 4. 
I 
B. Hep G2 liver cancer cell line 
Figure 3.30a and 3.30b show the growth pattern of Hep G2 cancer cells with 
i 
different initial cell seeding densities by M T T assay and cell viability assay. An 
exponential growth was detected only with the cell density of 12500 cells/cm^ . 
This cell density was used for further experiments. 
123 
⑷ = r 
• 3125 cells/cm2 了 
0.6 6250 ceUs/cm2 ( 
^ . . 12500 ceUs/cm2 T 
g '^axT I 
s -X-25000 cells/cm2 / A 
r . 4 7 ^ / 
！ 0.3 - / X 
o T Z . ‘ ‘ I 
。 1 ^ ^ | — — — ] 
i 
(b) 70000 
~ ^ 3 1 2 5 ceUs/cm2 
60000 - -a- 6250 cells/cm2 丁 
^ ― H 
I 50000 - 12500 ceUs/cm2 少乂 
^ 25000 ceUs/cm2 • ： \ 
f � � � � 
^ 20000 - / -
0 t ‘ ‘ ‘ 
0 1 2 3 4 
Time (day) 
Figure 3.29. Growth curve of H1299 lung cancer cell line with different initial 
cell seeding densities by (a) M T T assay and (b) cell viability assay. 
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Figure 3.30. Growth curve of Hep G2 liver cancer cell line with different initial 
cell seeding densities by (a) M T T assay and (b) cell viability assay. 
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3.5.3.2. Anti-proliferative effect of phytosterols on HI 299  
A. M T T assay 
Figure 3.31a and 3.31b show the cytotoxic effect of stigmasterol and 
3-sitosterol on H1299 by M T T assay respectively. A dose responsive pattern was 
observed for (3-sitosterol treatment (Figure 3.31b) while no significant effect was 
observed in stigmasterol (Figure 3.31a). At day 2 when was the time of the 
strongest cytotoxic effect, the IC50 for H1299 was 4.8 [iM P-sitosteroL Peanut and 
soybean sterol preparations also resulted more than 50% inhibition on HI299 at dose 
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Figure 3.31. Anti-proliferative effect of (a) stigmasterol and (b) P-sitosterol on 
HI299 lung cancer cell line by M T T assay. 
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Figure 3.32. Anti-proliferative effect of (a) peanut sterols and (b) soybean sterols 
on H1299 lung cancer cell line by M T T assay. 
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B. Cell viability assay 
For the cell viability assay，similar anti-pro lifer ative effects were observed but 
the magnitude of percentage inhibition was weaker when compared to M T T assay. 
In Figure 3.33a, 16 [xM P-sitosterol resulted in about 50% inhibition on H1299 at day 
2 and 4 while in Figure 3.33b and 3.33c, more than 30% inhibition were observed for 
treatment with 6.4 mg/L of soybean and peanut sterol preparations. As shown in 
Figure 3.34a and 3.34b, the cancer cells were normal in the control but fewer cells 
were observed in the treatment. In addition, an obvious change in cell morphology 
in treatment was observed such as irregular shape and cell shrinkage when compared 
to the control. Since stigmasterol showed no effect on HI299 using M T T assay, no | 
further study with stigmasterol was carried out. 
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Figure 3.33. Anti-proliferative effect of (a) (^ sitosterol, (b) peanut sterols and (c) 
soybean sterols on HI299 lung cancer cell line by cell viability assay. 
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_ 
Figure 3.34. Morphologies of HI299 lung cancer cells in (h) control and (i) 
treatment. HI299 was treated with vehicle only and 16 jiM p-sitosterol with 
vehicle for 48 hours respectively. 
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3.5.3.3. Anti-proliferative effect of phytosterols on Hep G2 
A. M T T assay 
Figure 3.35a and Figure 3.35b showed the cytotoxic effect of stigmasterol and 
3-sitosterol on Hep G2 liver cancer cells using M T T assay respectively. No 
significant effect was found when the cells were treated with stigmasterol (Figure 
3.35a) while a dose responsive pattern of P-sitosterol treatment was observed (Figure 
3.35b). At day 1 when was the time with the strongest cytotoxic effect, the dose at 
16 [xM P-sitosterol resulted in 50% inhibition in response. Peanut and soybean 
sterol preparations also resulted in about 30% inhibition on Hep G2 at dose 6.4 mg/L 
starting at day 1 (Figure 3.36a and 3.36b) 
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Figure 3.35. Anti-proliferative effect of (a) stigmaserol and (b) P-sitosterol on 
Hep G2 liver cancer cell line by M T T assay. 
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Figure 3.36. Anti-proliferative effect of (a) peanut sterols and (b) soybean sterols 
on Hep G2 liver cancer cell line by M T T assay. 
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B. Cell viability assay 
For the cell viability assay, the anti-proliferative effects in terms of % inhibition 
relative to the control (without treatment) were stronger when compared to M T T 
assay. In Figure 3.37a, a dose responsive pattern of P-sitosterol was observed in the 
time course of treatment. At day 3, the strongest anti-proliferative time, 8 and 16 
/xM p-sitosterol resulted in about 55% and 70% inhibition on Hep G2 while in Figure 
3.37b and 3.37c, more than 30% inhibition were observed for treatment groups with 
6.4 mg/L of soybean and peanut sterol preparations. As shown in Figure 3.38a and 
3.38b, the cancer cells were normal in the control but fewer numbers of cells were 
observed in the treatment. Since stigmasterol showed no effect on Hep G2 using 
M T T assay, no further study with stigmasterol was examined. 
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Figure 3.37. Anti-proliferative effect of (a) P-sitosterol, (b) peanut sterols and (c) 
soybean sterols on Hep G2 liver cancer cell line by cell viability assay. 
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Figure 3.38. Morphologies of human liver cancer cells Hep G2 in (a) control and 
(b) p-sitosterol treatment. Hep G2 was treated with vehicle (5 m M 
hydroxypropyl-jS-cyclodextrin) only and 16 juM P-sitosterol in vehicle for 48 
hours respectively. 
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3.5.3.4. Further investigation of anti-proliferative mechanism of B-sitosterol 
A. m R N A expression assay (RT-PCR) 
Differential expressions of genes Bcl-2, Bax, p53 and actin of H1299 cells by 
P-sitosterol are shown in Figure 3.39a. p53 gene was confirmed not expressed in 
H1299 cells which contain a null allele of p53. In Figure 3.39b, there was no 
significant difference in the expression profiles of the control and treatment. In the 
case of Hep G2 ccells, except the transcription of p53 (Figure 3.40a.)，the result was 
similar to those of H1299 cells as indicated in Figure 3.40b. 
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Figure 3.39. Differential regulation of P-sitosterol (Sit) on expression of Bcl-2 
(left), Bax (middle left), p53 (middle right) and actin (right) genes in lung cancer 
cell line HI299 shown in (a) gel electrophoresis and (b) graphical presentation of 
the fold induction. Data are presented as mean 士 S.D. of 3 replicates. Statistical 
Analysis: Independent t-test,p < 0.05. 
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Figure 3.40. Differential regulation of Sit (P-sitosterol) on expression of Bcl-2 
(left), Bax (middle left), p53 (middle right) and actin (right) genes in liver cancer 
cell line Hep G2 shown in (a) gel electrophoresis and (b) graphical presentation 
of the fold induction. Data are presented as mean 土 S.D. of 3 replicates. 
Statistical Analysis: Independent t-test, p < 0.05. 
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B. BrdU D N A replication assay 
Figure 3.41a shows the percentage inhibition in D N A content of various doses 
of p-sitosterol on H1299. Only p-sitosterol at 8 (-30% inhibition) and 16 /xM 
(-60% inhibition) showed significant decrease in D N A concentration per well. In 
Figure 3.41b, similarly, D N A inhibition in Hep G2 cancer cells became significant at 
8 (〜350/0) and 16 j l l M (-50%) p-sitosterol. 
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Figure 3.41. The inhibitory effects of P-sitosterol on D N A contents of (a) H1299 
and (b) Hep G2 cancer cell lines by Brdu D N A replication assay. 
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C. D N A Microarray analysis 
Figure 3.42a and 3.42b shows the X-ray films of D N A microarray analysis of 
control and P-sitosterol treatment on H1299. The genes highlighted with red 
squares indicate a significant difference (4 folds or above) of the gene expressions. 
Figure 3.42c shows the scatterplot of gene expressions in control and treatment. 
The red spots show the up-regulated gene. The list of these up-regulated or 
down-regulated genes with 4 or more fold difference is summarized in Table 3.7. 
The highest up-regulated gene was Interferon regulatory factor 1 (IRFl) with more 
than 10 folds difference. The second and third highest expressed genes bone 
morphogenetic protein 4 (BMP4) and bone moiphogenetic protein 2 (BMP2). 
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Figure 3.42. Slides of D N A microarray showing the differential regulation on 
expression profiles of the signal transduction pathways of HI299 lung cancer cells 
by (a) control and (b) P-sitosterol treatment. HI299 was treated with vehicle (5 
m M hydroxypropyl-jS-cyclodextrin) only and 16 [xM P-sitosterol with vehicle for 3 
days respectively. The gene with a red square indicates that there are at least 4 folds 
difference in gene expression analyzed by GEArray Expression Analysis Suite. 
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Figure 3.42c. Scatter plot of the gene expressions in HI299 cancer cells between 
control and p-sitosterol treatment. Red spots indicate genes which are at least 4 
folds more expression than control 
Table 3.7. Summary of genes whose expressions were 4 folds higher than those in 
control in HI299 cancer cells. 
Gene Name Up regulation 
Interferon regulatory factor 1 (IRF-1) 11.3 
Bone morphogenetic protein 4 (BMP-4) 9.9 
Bone morphogenetic protein 2 (BMP-2) 7.1 
Heme oxygenase (decycling) 1 (HMOX-1) 6.2 
W D repeat and SOCS box-containing 1 (WSB-1) 5.0 
Lymphotoxin alpha (TNF superfamily, member 1) (TNF-P or LTA) 4.6 
Vascular endothelial growth factor (VEGF) 4.5 
Interleukin 4 (IL-4) 4.3 
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Figure 3.43a and 3.43b shows the X-ray photos of D N A microarray analysis of 
control and p-sitosterol treatment on Hep G2. Figure 3.43c shows the scatterplot of 
gene expressions in control and treatment. The red spots show the up-regulated 
gene. The genes highlighted with red squares indicate a significant difference (4 
folds or above) of the gene expressions and the results are summarized in Table 3.8. 
The most up regulated gene was tumor necrosis factor receptor superfamily, member 
10b (TNPRSFIOB). 
The affected genes were all up-regulated in H1299 and Hep G2 cancer cells 
when treated with p-sitosterol. There were no genes which were down-regulated 
for more than 2 folds in the P-sitosterol treatment. 
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Figure 3.43. Slides of D N A microarray showing the differential regulation on 
expression profiles of the signal transduction pathways of Hep G2 lung cancer cells 
by (a) control and (b) P-sitosterol treatment. Hep G2 was treated with vehicle (5 m M 
hydroxypropyl-P-cyclodextrin) only and 16 ^ M P-sitosterol with vehicle for 3 days 
respectively. The gene with a red square indicates that there are at least 4 folds 
difference in gene expression analyzed by GEArray Expression Analysis Suite. 
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Figure 3.43c. Scatter plot of the gene expressions in Hep G2 cancer cells between 
control and treatment. Red spots indicate genes which are at least 4 folds more 
expression than control 
Table 3.8. Summary of genes which expressions were greater than 4 folds 
difference when compared to control in Hep G2. 
Gene Name Up regulation 
Tumor necrosis factor receptor superfamily, member 10b 25.8 
(TNFRSFIOB)  
Lymphotoxin alpha (TNF superfamily, member 1) (TNF-P or LTA) 6.7 
Cyclin-dependent kinase inhibitor IC (p57, Kip2) (CDKNIC) 5.1 
kallikrein 2, prostatic (KLK2) 5.1 
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Discussion 
4.1. Characteristics of Physically Refined Deodorizer Distillate (DODp) 
4.1.1. Fatty acid contents and compositions 
The D O D p sample was characterized in terms of physical, chemical and 
biological parameters. Bacteria or mould count was determined by viable count of 
which the sensitivity was 1/100 |LI1. In fact, the D O D p was collected from steam 
distillation at 260°C and all the microorganisms should have been killed. 
Furthermore, as shown in Table 3.3a, the water content of D O D p was very low so 
that the microbial growth would be limited. The chemical composition of the two 
types of D O D p in this study and those reported in the literature are summarized and 
compared in Table 4.1. 
Table 4.1 A comparison of the chemical composition of physically refined D O D p 
determined in this study and that from the literature. 
D O D p in this study D O D p in the literature 
Peanut Soybean (Greyt & Kellens, 2000) 
Free fatty acids (%) 84.8 ± 1.4 80.3 土 2.4 80 - 85 
Natural glycerides (%) 9.9 ± 1.1 9.4 ± 2.9 5-10 
Unsaponifiable matter (%) 5.2 土 0.3 10.3 ±0.6 5-10 
The chemical composition of D O D p determined in this result is consistent with 
the literature, indicating that the biological origin does not affect much the chemical 
composition (Greyt & Kellens，2000). D O D p contained predominantly free fatty 
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acids (80 — 85%) and 15 - 20% of glycerides and unsaponifiable matter. In this 
study, the natural glycerides content was deduced by calculation from free fatty acid 
and unsaponifiable matter contents, as proposed by Lin and Koseoglu (2003). 
D O D p contained saponifiable and unsaponifiable matters, and the saponifiable 
matter includes free fatty acids, mono-, di- and tri-acylglycerols. Therefore, the value 
of the D O D p is very low and its main usage is as a raw material for soap making as 
mentioned in the introduction chapter. 
The fatty acid composition of the two D O D p is shown in Table 3.1. Since very 
limited literatures have been found reporting the fatty acid composition of DODp, 
attempts were made to collect information of the fatty acid composition of D O D c 
(deodorizer distillate from chemical refining) and refined oil. 
There was one report found comparing the fatty acid compositions between 
different types of deodorizer distillate but information about peanut was not available. 
Table 4.2 compares the fatty acid compositions in soybean D O D p in this study and 
soybean D O D c from Zilch (2000). The pattern of fatty acid composition was 
similar with linoleic acid (CI8: 2)，oleic acid (CI8: 1) and palmitic acid (CI6: 0) as 
the predominant fatty acids. 
Table 4.2. Fatty acid compositions in soybean D O D p and DODc. 
Fatty acid {%) C14:0 C16:0 C18:0 C18:l C18:2 C18:3 C20:0 C22:0 Reference 
Soybean This 
- 20.6 3.9 28.9 46.3 -- 0.1 0.1 
D O D p study 
Soybean Zilch, 
0.5 16.7 7.4 24.9 44.5 5.4 0.5 --
D O D c 2000 
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Zilch (2000) reported the fatty acid composition of deodorizer distillate, and this 
was very similar with that of refined oil with a minor difference. Table 4.3 shows 
the fatty acid compositions of palm oil D O D and refined palm oil. The fatty acid 
compositions, in general, were similar. However, there was a trend that D O D 
contained relatively more saturated fatty acids and relatively less unsaturated fatty 
acids. This may be due to the degradation and oxidation of unsaturated fatty acids 
at high temperatures (Chan, 1987; Zilch, 2000). 
Table 4.3. Fatty acid compositions of refined palm oil and palm oil D O D (Zilch, 
2000). 
Fatty acid 
C12:0 C14:0 C16:0 C18:0 C18:l C18:2 C18:3 
(%) 
Hefmed ^ ^ ^ 10 434 4.5 40.0 11.0 0.1 
palm oil  
Palm oil 1.0 1.3 46.4 4.4 37.2 9.7 <0.1 
D O D  
Since the fatty acid compositions of D O D and refined oil are very similar, the 
compositions of refined oil and D O D p in this study were discussed. Table 4.4 
compares the fatty acid compositions of peanut and soybean D O D p in this study and 
those compositions of refined peanut and soybean oil from various literatures 
(Bubeck et al.’ 1989; Andersen & Gorbet, 2002; Liu et al, 2002). It was noted that 
the fatty acid compositions would vary to a certain degree when oilseeds of different 
strains were used due to genetic variations and especially when the strains were 
genetically modified by techniques such as mutant breeding and post-translational 
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gene silencing (RTGS). Furthermore, oilseeds planting date and year also 
influenced the fatty acid compositions of the vegetable oil (Andersen & Gorbet, 
2002). This leads to heterogeneity in the fatty acid compositions found in this study 
and other literatures. 
Table 4.4. Fatty acid compositions of D O D p in this study, refined oil from traditional 
oilseeds and genetic variants. 
Fatty acid (%) C16:0 C18:0 C18:l C18:2 C18:3 C20:l C20:0 C22:0 C24:0 
Peanut D O D p 
18.7 4.0 42.7 31.7 - 0.5 0.9 1.1 0.4 
in this study 
Peanut oil a 10.3 2.6 54.9 24.9 -- 1.3 1.1 2.4 1.4 
Peanut oil ^  
6.3 2.6 78.3 4.0 -- 1.2 1.7 2.4 1.6 
(high oleic strain) 
Soybean D O D p 
20.6 3.9 28.9 46.3 - -- 0.1 0.1 --
in this study 
Soybean oil b 11 4 24 53 7 Information not available 
Soybean oil 
8 3 84 3 1 Information not available 
(high oleic strain) 
Note: a from Andersen & Gorbet (2002); ^  from Bubeck et al (1989). 
Although the free fatty acid compositions, in terms of individual free fatty acids, 
between peanut and soybean D O D p were different, the saturated and unsaturated free 
fatty acid contents were about the same. The saturated free fatty acids in peanut 
and soybean D O D p were about 26 and 25% respectively while the unsaturated free 
fatty acids in peanut and soybean D O D p were about 74 and 75% respectively. 
The melting behaviors of saturated and unsaturated fatty acids are very different. 
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10°C (Chemwatch, 2005) while those of saturated free fatty acids were between 63 
and 84。C (Chemwatch, 2005). The melting points of peanut and soybean D O D p 
were very similar and this may be due to similar saturated to unsaturated fatty acids 
ratio. 
4.1.2. Squalene, tocopherol and phytosterol contents 
The squalene, tocopherol and phytosterol contents depend very much on the 
type of refining as described in introduction chapter. It was reported that the 
tocopherol contents of chemically refined deodorizer distillate (DODc) varied from 5 
to 15% depending on the type of oilseed used. For instance, soybean D O D c 
contained 10 — 14% tocopherols while 2 - 5% of tocopherols were commonly found 
in peanut D O D c (Frandsen, 1996). On the other hand, D O D p should contain ten 
times less tocopherols than D O D c as D O D c was diluted about ten times by free fatty 
acids (Frandsen, 1996). However, in this study, peanut and soybean D O D p 
contained 0.6 and 3.6% total tocopherols respectively. The tocopherol contents of 
peanut D O D p and soybean D O D p were slightly more than expected. It was 
suggested that during the physical refining, relatively higher deodorization 
temperature and time were adopted (described in introduction) and therefore, more 
tocopherols in the refining oil would go to the distillate and thus, higher tocopherol 
contents resulted. Since no reports have been found studying the tocopherol 
compositions of peanut D O D , attempt was made to compare the tocopherol 
compositions between peanut D O D p and peanut crude vegetable oil (crude hexane 
extracts of crashed oilseeds). Table 4.5 summarizes the comparisons of tocopherol 
compositions in D O D p and in the literatures (Frandsen, 1996; Buczenko et al., 2003). 
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compositions in D O D p and in the literatures (Frandsen, 1996; Buczenko et al； 2003). 
For peanut D O D p , the tocopherol compositions were similar to peanut crude oil with 
a- and y-tocopherols as the dominant forms. While in soybean DODp, the 
composition was similar to D O D c with y-tocopherol as the major tocopherol form. 
Table 4.5. Compositions of tocopherols in D O D from peanut and soybean. 
Tocopherol (%) Peanut D O D p Peanut crude oil Soybean D O D p Soybean D O D c 
a 60 49 23 35 
P undetectable 1 undetectable undetectable 
5 undetectable 3 24 14 
Y 40 47 53 50 
Buczenko et al； 
Reference This study Frandsen, 1996 This study 
2003 
Since campesterol, one of the common plant sterols, is not commercially 
available, the identification of campesterol was only putative by GC-MS with a 
similarity index greater than 95% (comparison based on the mass spectra with the 
compound resolved by G C and standard library with the instrument). In Figure 3.3a 
and 3.3b, P-sitosterol was the dominant phytosterol in peanut and soybean DODp. 
The result matched with the investigation done by Frandsen (1996) in which 
P-sitosterol constituted 49% and 61% of total phytosterols in peanut and soybean 
crude oil. Since no literature information about phytosterol compositions in D O D p 
could be found, and the origin of phytosterols in D O D p is from the oilseeds, attempt 
was made to compare the phytosterol compositions in D O D p and crude vegetable oil 
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water stress during cultivation and cultivation time (Chow & Jen, 1978; El, 1992; 
Awad et al., 2000c). In general, although with little variations, the amounts of 
campesterol and stigmasterol in peanut and soybean crude oil were similar while 
P-sitosterol was the dominant form of phytosterol contributing to more than 50% in 
the total plant sterols. 
Table 4.6. Phytosterol composition in D O D p and crude vegetable oil extracts in this 
study and literatures. 
Content (%) Campesterol Stigmasterol P-sitosterol Reference 
Peanut D O D p Not quantified 14— 17 68-71 This study 
Peanut crude oil 10- 19 6 - 12 70-76 Zilch, 2000 
Peanut crude oil 9 - 11 9 - 13 71 -85 Awad et al, 2000c 
Soybean D O D p Not quantified 23 -26 49-51 This study 
Soybean crude oil 21 21 49 Frandsen, 1996 
Soybean crude oil 15 -21 10-24 57-72 Zilch, 2000 
4.1.3. Other physical and chemical analyses 
During vegetable oil refining, polar solvent such as hexane was used to extract 
the oil seeds and therefore, the amount of polar metals and compounds would be very 
limited in the crude oil as shown in Table 4.7. Furthermore, there are many refining 
steps before deodorization in vegetable refining to remove the impurities. For 
instance, phosphatides were removed in degumming step and colored compounds, 
pigments, metals and polycyclic aromatic compounds were removed in bleaching 
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step (Kellens & Greyt，2000). Therefore, the D O D p samples possessed metals, 
phosphorus and sulfur at jj-g/g level or even below detection limits. 
Table 4.7. Composition of crude and refined soybean oil (Ramamurthi et al., 1996). 
Crude Oil Refined Oil 
Triacylglycerol (%) 95-97 > 99 
Phosphatides (%) 1.2-2.5 0.003 - 0.045 
Unsaponifiable matter (%) 0.49 — 0.55 0.25 - 0.33 
Free fatty acids (%) 0.3 - 0.7 < 0.05 
Iron (ppm) 1 - 3 0.1—0.3 
Metals   
Copper (ppm) 0.03 - 0.05 0.02 — 0.06 
4.2. Production of fatty acid methyl esters (FAMEs) - Protocol A 
4.2.1. Optimization of Esterification 
There were some investigations on esterifying D O D c into fatty acid monoalkyl 
esters in order to facilitate the subsequent concentration of phytochemicals in the 
D O D c and the results are summarized in Table 4.8 (Ghosh & Bhattacharyya，1996; 
Facioli & B arr era-Arellano, 2002a). Yet, no reports have been found studying the 
esterification of DODp. Ghosh and Bhattacharyya (1996) used lipase as a catalyst 
in the esterification and less alcohol was required. In addition, the reaction 
temperature was relatively low because higher temperature would denature the 
enzyme. However, the catalyst amount and reaction time were higher and longer 
when compared to sulfuric acid as the catalyst. Facioli and Barrera-Arellano 
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(2002a) used response surface methodology to optimize the esterification. A range 
of optimized conditions was found, and it requires less catalyst in the esterification. 
However, due to the less catalyst amount used, longer reaction time and higher 
reaction temperature were required when compared to this study. Also, the 
conversion efficiency was 5 % less when compared to this study. 
Table 4.8. Comparison of the optimized esterification from D O D . 
Facioli & 
Ghosh & … 1 




D O D Sample Sunflower D O D c Soybean D O D c ^ ^ ^ ^ 
(% free fatty acids) (28.8 ± 0.3) (47.5 ± 0.3) 
(80 — 85) 
Hydrolysis of glycerides 
Pretreatment by Candida cylindracea Not required Not required 
lipase for 5 hrs 
Alcohol: sample Butanol: D O D c Ethanol: D O D c Methanol: 
(molar ratio) (1.5 : 1) (6.4-11.2: 1) D O D p (11 : 1) 
Temperature (。C) 60 80 75 
Catalyst type Mucor miehei lipase H2SO4 H2SO4 
Catalyst amount (o/o ^^ 0.9-1.5 3 
w/w in reaction vol.)  
Reaction time (hr) 5 1.3-2.6 0.5 
Conversion efficiency 〜95 〉94 >99.9 
(% FFA to esters)  
Table 4.9 summarizes the F values in the optimization of the esterification 
process by two-way A N O V A . The greater the F value，the greater was the 
interaction and effect on the esterification. In general, the effect of methanol to 
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D O D p molar ratio was stronger than that of D O D p to catalyst for peanut and 
soybean D O D p . The F values of reaction temperature vary. This was because 
there was no significant difference between 75 and 85°C in the case of soybean 
D O D p so that the F value in peanut D O D p was 3 times more than that of soybean 
D O D p . 
Table 4.9. Statistical analysis on the parameters in optimization of the esterification 
process from D O D p to F A M E s by two-way A N O V A 
Peanut D O D p Soybean D O D p 
Effect of methanol to D O D p 
481.3 494.1 
molar ratio (F value) 
Effect of D O D p to catalyst 
302.4 425.3 
molar ratio (F value) 
Effect of reaction 
556.3 150.0 
temperature (F value) 
4.2.2. Optimization of Molecular Distillation 
A very limited literature was found using molecular distillation to purify 
FAMEs or other fatty acid esters. Batistella et al. (2002) used molecular distillation 
to recover fatty acid ethyl esters (FAEEs) and carotenoids from palm oil. Palm oil 
was used as the starting materials containing 2 - 3 % free fatty acids. After 
neutralization, the oil was transesterified with ethanol using sodium ethoxide as the 
catalyst yielding 94.3% of FAEEs, 5% of triglycerides, 100 mg/kg tocopherols and 
600 mg/kg carotenes. The result is summarized in Table 4.10. A larger scale of 
molecular distillation was studied by Batistella et al. (2002). The FAEEs produced 
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were greater than 98% in purity with more than 90% in yield. However, the feed 
rate was below the throughput capacity while the feed rate in this study was at the 
minimal level. It was speculated that the optimal condition defined by the authors 
was for the highest yield with almost all fatty acid ethyl esters being distilled. 
Therefore, the feed rates could be increased when the requirement on yield decreased. 
Nevertheless, the result from Batistella et al. (2002) demonstrated that the use of 
molecular distillation for fatty acid monoalkyl esters could be scaled up without 
affecting the product quality. 
Table 4.10. Comparison of fatty acid alkyl esters (FAAEs) purification by molecular 
distillation of different scale. 
This study (Falling film Batistella et al., (2002) 
distillation) Falling film distillation 
Sample D O D p Palm oil 
Throughput capacity (L/hr) 0.05 — 1 2 — 14 
Feed rate (L/hr) 0.06 0.8 — 1.2 
Temperature (°C) 140 150 — 170 
Rotating blade speed (rpm) 10-20 Information not available 
FAAEs purity (% w/w) 98.3-98.8 >98 
FAAEs yield (% w/w) 84.8-86.3 〜94 
Note: the vacuum condition was the same as 1 x 10"^  m m H g 
4.3, Production of fatty acid methyl esters (FAMEs) - Protocol B 
4.3.1. Optimization of Saponification 
The saponification number, in this study, revealed the amount of base required 
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to completely saponify the glycerides and neutralize free fatty acids per unit gram 
sample. It was proportional to the concentration of saponifiable matter (free fatty 
acids + glycerides) in the sample. The saponification number of peanut D O D p was 
significantly (3.2%) higher than that of soybean D O D p (Table 3.4). Since peanut 
D O D p contained lower unsaponifiable matter when compared to soybean DODp, 
this implies that peanut D O D p possessed significantly more saponifiable matter. 
Since no literatures were found reporting the saponification number of typical D O D , 
saponification number of typical oil (200 mg/g) was used as reference (Frandsen, 
1996). Saponification numbers of peanut D O D p and soybean D O D p were 193 and 
187 mg/g respectively. The result was comparable as the unsaponifiable matter of 
the D O D p was less than 11%. In Figure 3.16a and 3.16b, more hydroxide amount 
(1.5 X) did not speed up the saponification reaction indicating that the calculated 
base amount obtained in the saponification number assay was optimal for the 
experimental saponification reaction of DODp. 
4.3.2. Extraction of unsaponifiable matter 
The extraction of unsaponifiable matter was required in order to purify the free 
fatty acid, after acidification, for subsequent esterification to produce FAMEs. The 
number of extractions required was related to the unsaponifiable matter contents of 
the DODp. Peanut and soybean D O D p required two and three times of extraction 
respectively. The result was reasonable because peanut D O D p contained about 5% 
of unsaponifiable matter while soybean D O D p had about 10% unsaponifiable matter. 
In Figure 3.17a and 3.17b (FAMEs produced from protocol B), only peaks of fatty 
acid methyl esters were found. This reflects the excellent performance in which 
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more than 90% of unsaponifiable matter was extracted. 
4.3.3. Production of FAMEs 
Very limited reports can be found producing fatty acid alkyl esters from D O D 
using method similar to protocol B. Yet, Facioli and Barrera-Arellano (2002b) 
utilized D O D c for production of fatty acid ethyl esters. Table 4.11 compares the 
conditions used in this study and in the literature. It was found that the amounts of 
base and acid required, reaction time and temperature were fewer and lower when 
compared to those stated in Facioli and Barrera-Arellano (2002b). The reaction 
time of saponification was longer for D O D c possibly owing to higher glycerides 
content of DODc. However, the use of excess reagent and reaction time in the 
study by Facioli and Barrera-Arellano (2002b) might be to ensure the completion of 
the reaction. In this study, the optimum reagent and time for FAMEs production 
were found. 
Table 4.11. A comparison of the conditions to produce free fatty acids from D O D 
This study Facioli & Barrera-Arellano, 
2002b 
Sample D O D p D O D c 
Amount of base Stoichiometric ally equal to Stoichiometrically double 
saponifiable matter 
Sapomficatxon^ 10 讓 & 65。C 40 腿 & 80°C 
& temperature  
Amount of acid in Stoichiometrically equal to Stoichiometrically 1.5 times 
acidification amount of base added  
Acidification time . 
15 min & Room Temp. 40 m m & 80。C 
& temp.  
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4.4. Purification of phytosterols 
4.4.1. Purity and recovery of phytosterols 
In this study, crystallization was used to purify phytosterols from a novel source — 
D O D p . In the phytosterol preparations, there were three phytosterols identified, 
namely, campesterol, stigmasterol and P-sitosterol which were the three most 
common phytosterols (Awad et al； 2000c; Piironen et al., 2003). Since 
campesterol is not commercially available for quantification, only stigmasterol and 
3-sitosterol contents in the phytosterol preparations were quantified. Figure 3.14a 
to b and Figure 3.18a to b show the G C chromatograms of the phytosterol 
preparations. By dividing the area of the three phytosterols peak with the total area 
in the chromatogram, the purity of phytosterols in the preparations were estimated. 
In fact, the stigmasterol and p-sitosterol in the preparations were 14 — 17% and 68 -
71% for peanut and 23 — 26% and 49 - 51% for soybean respectively. Assuming 
the campesterol content was similar to stigmasterol content as mentioned in section 
4.1.2，the phytosterol purity in the preparations was close to 100%. Several studies 
have applied crystallization techniques to purify phytosterols from D O D c (Sheabar 
& Neeman, 1987; Lin & Koseoglu, 2003; Pan et al., 2005). Table 4.12 compares 
the conditions and results obtained in this study with those from the literatures. In 
the three studies, the phytosterols recoveries did not reach 100%. This may be 
because the phytosterols still have very limited solubilities in the solvent at low 
temperature. In addition, there may be some sterols lost in the solvent during the 
preparation. Pan et al. (2005) gave a highly purified phytosterols (96%) but the 
recovery was rather low. Relatively high recovery of phytosterols was found in Lin 
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and Koseoglu (2003) study using cold solvent washing but the purity was only 
57.1%. Pan et al. (2005) suggested to improve the purity of phytosterol yielded by 
recrystallization. In this study, the crystallization procedure was modified in order 
to optimize the performance (Table 4.12). The samples in this study for 
crystallization were residues of molecular distillation in protocol A and 
unsaponifiable matter in protocol B. The sample in Pan et al. (2005) also required 
esterification of D O D c before proceeding to crystallization. 
Table 4.12. Crystallization conditions and results in this study and literatures. 
This study Lin & Koseoglu, Pan et al., 2005 
2003 
Phytosterols source D O D p D O D c D O D c 
Crystallization solvent Acetone: M e O H Acetone: M e O H Esterified fatty 
(4:1, v/v) (4:1，v/v) acids originally 
in D O D c 
Crystallization 
-20 -20 -3 
temperature (。C) 
Crystallization time (hrs) 16 24 12 
Additional purification Recrystallization - 2 0 r crystallization Recrystallization 
step solvent washing x 3 
Phytosterols purity (%) >96 57.1 95 
Phytosterols recovery (%) 70 - 80 76.6 45 
4.4.2. Purity and recovery of squalene and tocopherols in desterolized fractions 
Squalene is a precursor in sterol synthesis and it is commonly found in shark liver oil 
and vegetable oil especially olive oil (Gershbein & Sing，1969; Perrin, 1992). The 
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squalene recoveries in desterolized fractions in protocol A, in general, were about 
10 — 15% less than those in protocol B. The main reason was that during the 
molecular distillation, traces of squalene were distilled into the FAMEs fractions and 
therefore, the amount available in the desterolized fraction was dropped. Also, the 
percentage compositions of squalene in desterolized fractions from protocol B were 
higher than protocol A because there were traces of FAMEs and natural glycerides 
which diluted the phytochemical contents in the desterolized fraction. 
There were many literatures aiming at concentrating and purifying tocopherols from 
deodorizer distillates (Ghost & Bhattacharyya, 1996; Shimada et al., 2000; Buczenko 
et al., 2003). In this study, tocopherols from peanut and soybean D O D p were 
concentrated 6 and 5.5 folds to 3.3% and 19.2% in protocol A respectively. The 
tocopherol recoveries were around 90% because the use of molecular distillation 
protected the heat sensitive tocopherols from degradation. The recoveries were 
similar to Shimada et al (2000) who used molecular distillation to purify tocopherols. 
In protocol B, the tocopherol recoveries were very low (10 - 30%) when compared 
to protocol A. The main reason was that the saponification would result in 
destruction of tocopherols (Ueda & Igarashi，1987). Thus, the tocopherol contents 
in desterolized fraction of protocol B were less than those of protocol A and almost 
no tocopherols were detected for peanut desterolized fraction of protocol B. 
Although peanut tocopherols were concentrated 6 folds, the actual tocopherols 
content in the desterolized fraction was just 3.6 wt%. If it was to concentrate 
tocopherols, protocol A should be applied to soybean D O D p or other D O D p with 3 
wt% tocopherols or above because the concentration would not be significant if the 
original tocopherol concentrations were too low. Although the highest tocopherols 
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content in this study was soybean desterolized fraction (-20%), further purification 
and concentration is required since a mixture of 60 wt% tocopherols was commonly 
used as an additive in processed food (Nagesha et al., 2003). 
4.5. Quantification of the Loss of Valuable products during Processing 
A manufacture protocol is susceptible to loss of valuable products during 
preparation as a result of human error and/or inherited loss in the procedure or 
instrument used. When the loss is great, such manufacture protocol becomes 
non-viable and not sustainable. In order to measure such loss in the protocols A and 
B developed, 1.0000 士 0.0010 g oflinoleic acid (Sigma, L1736, > 99%) and 100.0 土 
5.0 m g cholesterol (Sigma, C8503,〜95%) were added into 10.0000 土 0.0100 g 
peanut DODp. Protocol B was proceeded for peanut D O D p with and without 
internal standards. Figure 4.1a and b shows the FAMEs from peanut D O D p with 
and without internal standards respectively. The linoleic acid methyl ester peak of 
the internal standards added D O D p was about 25% higher than that without internal 
standard. More than 97% of linoleic acid added was converted to ester and was 
found in the FAMEs fraction indicating that there should be 97% of fatty matter, in 
ester form, being found in FAMEs fraction. The result was comparable to the 
FAMEs yield (93%) in protocol B from peanut D O D p which contained about 95% 
fatty matter (free fatty acids plus natural glycerides). In addition, no cholesterol 
was found in the FAMEs fraction showing that the cholesterol was removed into 
other fractions. Figure 4.2a and b shows the phytosterols preparations from peanut 
D O D p with and without internal standards respectively. A cholesterol peak was 
found in Figure 4.2a while it was absent in Figure 4.2b and no linoleic acid methyl 
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ester was found in both figures. Around 80% of the cholesterol added was found in 
the phytosterols preparation from peanut D O D p with internal standards. This result 
was similar to the phytosterol recoveries in protocol A and B. Desterolized 
fractions contain traces of cholesterol and phytosterols in Figure 4.3a and traces of 
phytosterols in Figure 4.3b. No linoleic acid methyl esters were found in both 
figures. To summarize the result, more than 97% of the added linoleic acid was 
found in the FAMEs fraction as identified by linoleic acid methyl ester and no 
linoleic acid methyl ester was found in other two fractions. About 80% of the 
added cholesterol was found in the phytosterols preparation and no cholesterol was 
found in the FAMEs fraction. As a result, the designed protocols A and B are of 
very high recoveries for the valuable products. 
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Figure 4.1a. G C chromatogram of FAMEs from peanut D O D p with internal 
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Figure 4.1b. G C chromatogram of FAMEs from peanut D O D p without internal 
standards. The peak with a red arrow was the linoleic acid methyl ester peak. 
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Figure 4.2a. G C chromatogram of phytosterols preparation from peanut D O D p with 
internal standards added. The peak with a red arrow was the cholesterol peak. 
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Figure 4.2b. G C chromatogram of phytosterols preparation from peanut D O D p 
without internal standards added. 
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Figure 4.3a. G C chromatogram of desterolized fraction from peanut D O D p with 
internal standards added. The peaks with red arrows were the cholesterol (left) and 
P-sitosterol (right) peaks. 
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Figure 4.3b. G C chromatogram of desterolized fraction from peanut D O D p without 
internal standards added. The peak with red arrow was the p-sitosterol peak. 
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4.6. Quality assessment of FAMEs and phytochemicals 
4.6.1. Specifications for Biodiesel in USA. 
The F A M E s products from peanut and soybean D O D p using protocols A and B 
meet the specifications for Biodiesel in USA. Some tests were modified and 
replaced with other standard methods due to limited facilities. For instance, the 
kinematic viscosity A S T M D 445 was replaced by A S T M D 2983 using Brookfield 
viscometer to determine the kinematic viscosity. The carbon residue and sulflir 
determination by A S T M D 4530 and D 5453 were replaced by A S T M D 189 and D 
4951 respectively. For total glycerin A S T M D 6584, only mono- and di-glycerides 
of the samples can be detected but not triglycerides because the temperature limit of 
G C columns cannot reach 380。C. Nevertheless, there were two reasons to justify 
the absence of triglycerides in the samples. Firstly, the FAMEs from protocol A 
were distillation products which volatility (> 5.0，relative scale) was higher than that 
of triglycerides (< 0.01, relative scale) (Frandsen, 1996). The chance for 
triglycerides to be distilled into FAMEs fraction would be nearly zero. In protocol 
B, saponification was the first step to completely saponify all the glyercides into 
alcoholic soap. Even if there were residual glycerides, the extraction of 
unsaponifiable matter step would also remove the residual glycerides and therefore 
the FAMEs products from protocol B should be glyceride- (including triglycerides) 
free. Secondly, in fact, the mono- and di-glycerides in the FAMEs samples were 
undetectable after the G C analysis using A S T M D 6584. Therefore, the 
triglycerides should be absent in the FAMEs samples. 
In specifications for impurities testing such as sulfated ash, phosphorus and 
170 
carbon residue content, the F A M E s samples met the requirements because the 
F A M E s were in highly pure form (> 98%) and the impurities should be very limited. 
The sulfur content in F A M E s did not meet the class A requirement even the D O D p 
samples were originally sulfur free. One possible reason was that traces of sulfur 
may be introduced during the preparations of FAMEs such as sulfuric acid in 
esterification. In addition, since the reagent used were either industrial or analytical 
grade, traces of sulfur may be present in the reagent. 
The cetane number (CN) by A S T M D 613 was not performed because large 
volume of sample, up to 5 liters, was required in the test (Starink, 2003). Therefore, 
cetane index (CI) was used to give an approximation of the cetane number. CI is 
often used instead of C N because C N is determined using a test engine which is not 
common, expensive to run, and requires highly skilled operator (Stannard, 2001). 
CI was approximately equal to C N with an error of 土 2. Both A S T M D 976 and 
A S T M D 4737 based on the same principle with an addition of two variables in 
A S T M D 4737 (Patel，1999; World-Wide Fuel Charter, 2002). 
4.6.2. Acute toxicities of FAMEs 
There were no acute oral toxicities and abnormal signs found in mice at 15 g/kg 
body weight level which are comparable to rats with L D 5 0 greater than 17.4 g/kg 
body weight (National Biodiesel Board, 2005. www.biodiesel.org). There was no 
.literature found studying the toxicity of FAMEs on vegetations. As in Figure 3.22a 
and b, the toxicity of diesel on Lolium perenne was higher than that of FAMEs which 
in turn possessed some toxicity when compared to water. 
The aquatic toxicities of FAMEs products on D. magna were also less than 
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those of petroleum diesel The percentage immobilizations of D. magna in FAMEs 
treatment were about 20% at dose 0.1 ml/L while the immobilization in diesel at the 
same dose was near 100%. The result was comparable to Sasha et al. (1998) in 
which the LC50 for soybean FAMEs and diesel were 0.332 ml/L and 0.001 ml/L. 
4.6.3. Antioxidant activities of desterolized fractions 
Two antioxidant assays were done in order to get a more complete picture of the 
antioxidant ability of the desterolized fractions. In many studies, antioxidant 
abilities of different tocopherol isomers were studied and it was suggested that a- and 
Y-tocopherols were the two most active isomer forms (Duthie et al., 1991; Clark & 
Frandsen, 1996; Wolf, 1997). In the two assays of this study, a-tocopherol shows 
the strongest scavenging ability followed by y-tocopherol. This result confirms with 
previous studies. Since the IC50 values of the desterolized fractions can be found in 
D P P H assay, it was further discussed. The IC50 values of pure tocopherol isomers 
and tocopherol compositions of the desterolized fractions are listed in the Table 4.15. 
By considering the composition of the tocopherols and their individual IC50，IC50 of 
- mixed tocopherols is projected assuming that the tocopherols show equal effects. It 
was found that the actual IC50 was smaller than the expectation by 10 - 20% (i.e. 
higher antioxidant capacity). There may be some compounds in the desterolized 
fractions showing/enhancing the scavenging property of DPPH radicals. Another 
possible reason was that the mixed tocopherols would have additive (synergistic) 
effect on the scavenging activity (Chen et al., 2002; Liu et al., 2002). 
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Table 4 . 1 3 . Predicted and actual IC50 values in antioxidation assay by scavenging of 
D P P H radicals. 
Tocopherol contents in peanut Tocopherol contents in 
desterolized fractions soybean desterolized fractions 
Protocol A Protocol B Protocol A Protocol B 
a-tocopherol (o/o) ^^ 4I 24 27 
( IC50 7.9 iig/m\)  
丫-tocopherol (0/0) 59 53 61 
( IC50 9.2 ^ ig/ml)  
5-tocopherol (%) 24 12 
( IC50 10.3 |ig/ml)  
Total tocopherol 丨 3 6 19 13 
concentration (%) 
Predicted IC50 255.5 (exceed 8 6 6 . 7 (exceed 4 8 . 4 6 7 . 6 
()Ig/ml) concentration range concentration range 
being studied) being studied) 
Actual IC50 Could not be Could not be 44.7 55.9 
(|ig/ml) found found  
4.6.4. Anti-proliferative effects of phytosterols on cancer cells 
4.6.4.1. Anti-proliferative effect of phytosterols on HI 299 and Hep G2 
P-sitosterol, the most common plant sterol, possesses many bioactivities such as 
antimutagenic (Villasenor et al., 2002), cholesterol lowering (Hayes et al, 2002; 
Clifton et al., 2004) and anticancer properties such as inhibiting ras oncogene 
signaling in Rat2 fibroblasts (Park et al., 2003), activating caspases to induce 
apoptosis in colon cancer cells (Choi et al., 2003)，inducing apoptosis in breast and 
prostate cancer cells (Awad et al., 2000a & 2000b). No literatures were found 
studying the anti-proliferative effect of P-sitosterol on lung and liver cancer cells. It 
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was found that there was at least 50% inhibition in cell proliferation of lung and liver 
cancer cell lines when treated with 16 |iM P-sitosterol using M T T and cell viability 
assays while stigmasterol, at various concentrations, did not show any 
anti-proliferative effect on the two cell lines. 
The bioactivities of the phytosterol preparations from peanut and soybean were 
assayed. In M T T and cell viability assays, it was found the anti-proliferative effect 
of the phytosterol preparations was related to the P-sitosterol level but not other plant 
sterols. For instance, in Figure 3.31b, the percentage inhibition of H1299 (by M T T 
assay) treated with 8 |iM p-sitosterol (3.2 mg/L) at day 3 was about 55%. In Figure 
3.32a and 3.32b, the percentage inhibitions at day 3 by 6.4 mg/L peanut sterols (11.2 
|iM P-sitosterol) and 6.4 mg/L soybean sterols (8 |iM (3-sitosterol) were around 50%. 
This phenomenon was also found in other assays and in Hep G2 cancer cell line. 
Although there may be interactions between the three phytosterols, with the evidence 
that pure stigmasterol did not show any proliferative and anti-proliferative effects on 
the two cell lines, the effect of the two sterols in the phytosterol preparations on lung 
and liver cancer cells was very limited. It is worth further studying the mechanism 
of anti-proliferative effect of (3-sitosterol on the two cancer cell lines. 
4.6.4.2. Detection of action mechanism(s) of the anti-proliferative effects of 
P-sitosterol on HI299 and Hep G2 cancer cells 
p53，Bcl-2 and Bax are proteins involved in a biological process called 
apoptosis which is a programmed cell death process (MacDonald & Ford, 1997; 
King, 2000; Cory & Adams, 2002; Vousden & Lu, 2002). The p53 gene is a tumor 
suppressor gene, and induction of p53 leads to an irreversible inhibition of cell 
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growth by inducing apoptosis (Vousden & Lu，2002). Tumor suppressor p53 is an 
important component of cellular machinery which responds to genotoxic stresses 
such as D N A damage. In addition, it maintains genomic integrity by cell cycle 
arrest or apoptosis activation (Ko & Prives, 1996; Levine, 1997). Up-regulation of 
Bax is one of the events of p53 induced apoptosis. Bax gene is known to be 
transcriptionally regulated by p53 during the induction of apoptosis (Buckbinder et 
al., 1995; Miyashita & Reed, 1995). It is a pro-apoptotic Bcl-2 family member that 
binds to the anti-apoptotic Bcl-2 family member which in turn binds to the 
anti-apoptotic Bcl-2 protein. This binding results in antagonistic effect of the Bcl-2 
function to block apoptosis (Cory & Adams，2002). Although there was no 
significant difference in gene expression of the above genes (Figure 3.39b and 3.40b)， 
there are many possible pathways and genes involved in the anti-proliferative effect 
of P-sitosterol on H1299 and Hep G2. 
In Figure 3.41a, the D N A concentration (DNA content per well culture) of lung 
cancer cells H1299 treated with 16 |iM p-sitosterol was about 55% less when 
compared to control. The number of viable cells in 16 jiM P-sitosterol treatment 
was also about 50% reduced when compared to control (Figure 3.33a). Since the 
decrease in D N A concentration correlated with the reduced number of viable cells, 
the anti-proliferative effect of P-sitosterol may not be due to inhibition of D N A 
replication nor cell cycle arrest. Similar result was found in hepatocarcinoma cells 
Hep G2: there were about 55% inhibition in D N A replication and 65% reduction of 
viable cells in the cell viability assay when treated with P-sitosterol as shown in 
Figure 3.41b and 3.37a. Thus, the drop of D N A content may be largely due to the 
decrease in the number of viable cells in the treatment. 
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Through the D N A microarray detection of the signal transduction pathways 
affected by P-sitosterol on lung cancer cells H1299, several gene expression were 
up-regulated which are interferon regulatory factor 1 (IRF-1), bone morphogenetic 
protein 2 (BMP-2), BMP-4, lymphotoxin alpha (tumor necrosis factor (TNF) 
superfamily, member 1) (LTA) or (TNF-p), interleukin 4 (IL-4), heme oxygenase 
(decycling) 1 (HMOX-1), vascular endothelial growth factor (VEGF) and 
SOCS-box-containing WD-40 protein (WSB-1). 
Several lines of evidence suggest the importance of IRF-1 in cancer formation 
and treatment. IRF-1 is a tumor suppressor gene which can induce apoptosis and 
cell cycle arrest (Giandomenico et al, 1998; Burke et al, 1999). Bouker et al. 
(2005) reported that IRF-1 can induce caspase activity and subsequent apoptosis. 
Down regulation of IRF~ 1 is related to cancer development. IRF-1 inactivation was 
reported to be linked to leukemia and endometrial tumorigenesis (Beretta et al., 1996; 
Giatromanolaki et al., 2004). The anti-proliferative effect of p-sitosterol may 
partially be owing to 11 folds up-regulated IRF-1 expression. 
BMP-2 and BMP-4 belong to the transforming growth factor (3 (TGF-P) 
superfamily. They bind to type II serine/threonine kinase receptors and result in the 
phosphorylation of the type I receptor by the type II receptor, subsequent receptor 
activation and the transduction of downstream signals through S M A D proteins (van 
den Driesche et al., 2003). Smad4 is the common signal transducer for BMPs and 
is also known as a tumor suppressor. In S M A D 4 mammary epithelium conditional 
knock-out mice, almost 100% of female mice develop squamous cell carcinomas and 
mammary abscesses (Li et aL, 2005). Furthermore, Smad4 was first identified as a 
tumor suppressor gene frequently altered in pancreatic cancers (Hahn et al., 1996). 
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It was reported that S M A D 2 and S M A D 4 are also somatically mutated in a fraction 
of human lung cancers (Nagatake et al, 1996). Apart from signal transduction to 
the S M A D proteins, BMP-2 and BMP-4 were found to induce apoptosis in cells of 
interdigits in chicken limb (Yokouchi et al, 1996). BMP-4 induces activation of 
caspase-9 which in turn cause apoptosis inP19 embryonal carcinoma cells (Fujita et 
al., 1999). BMP-2 has been found to inhibit breast carcinoma cells by 
up-regulation of p2lCiPi〜An protein and inhibition of CDk2 kinase activity 
(Ghosh-Choudhury et al., 2000). In addition, BMP-4 was reported to have 
anti-proliferative effect and promote cell differentiation of lung fibroblast cells 
(Jeffery et al., 2004). In this study, BMP-4 and BMP-2 genes were found to up 
regulated for 10 and 7 folds respectively. This may account partially for the 
anti-proliferation of H1299 by p-sitosterol. 
Besides, the D N A microarray analysis reveals near 5 folds up-regulation of 
lymphotoxin alpha (tumor necrosis factor (TNF) superfamily, member 1) (LTA) or 
tumor necrosis factor beta (TNF-(3) in H1299 by P-sitosterol. It mediates a large 
variety of inflammatory, immimostimulatory, and antiviral responses. TNFs induce 
antitumor immunity through direct cytotoxic effects on cancerous cells and by 
stimulating antitumor immune responses. TNF is a potent activator of neutrophils, 
mediating adherence, chemotaxis, degranulation and the respiratory burst. TNF 
induces vascular leakage, has negative inotropic effects, and is the primary 
endogenous mediator of toxic shock and sepsis (Fuortes et al., 1999; Drost & 
MacNee, 2002.). Although very limited reports were found showing the anti-tumor 
activity of TNF-P, it was suggested TNF-P might have potential anti-tumor activity 
(Gemlo et al.’ 1988). In addition, low allele frequency of TNF-P in lung cancer 
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patients was found when compared to normal group (Shimura et al., 1994). 
Interleukin 4 (IL-4) is an immune regulatory cytokine, and it was reported to 
inhibit proliferation of several cancer cell lines such as colon and breast (Murata et 
al., 1995; Gooch et al., 1998). The involvement of IL-4 in lung cancer may be 
correlated with the observation by Kawakami et al (2002) who found that human 
lung tumors showed high in vivo expression of interleukin 4 receptor (IL-4Rs). 
Topp et al. (1993) also reported recombinant human interleukin-4 inhibits growth of 
some human lung tumor cell lines in vitro and in vivo. Thus, the near 5-fold up 
regulated IL-4 may contributed to the cyctotoxic effect of P-sitosterol on H1299 lung 
cancer cells. 
In contrast, there were two up-regulated genes which are related to cancer 
formation. More than 6 folds heme oxygenase (decycling) 1 (HMOX-1) were up 
regulated in the P-sitosterol treatment. The heme oxygenase is the rate-limiting 
enzyme of heme catabolism. It catalysed the breakdown of heme into equimolar 
amounts of carbon monoxide, iron and biliverdin (McCoubrey et al., 1997). It was 
reported that elevated heme oxygnease showed resistance to apoptotic stimuli and 
decreased caspase-3 activity (Liu et al, 2004). The other up-regulated gene is 
vascular endothelial growth factor (VEGF). VEGF is an angiogenic factor which 
can induce surviving, a marker for blocking apoptosis, in endothelial cells and lower 
the proapoptotic effect of chemotherapy on endothelial cells (Tran et al., 2002). 
The V E G F expression in H1299 in treatment was 6 folds more than the control. It 
seems that there were many gene regulations altered in the p-sitosterol treatment. 
Some up regulated genes were anti-proliferative while there were two up regulated 
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genes that were proliferative for the cancer cells. 
It is reported that WSB-1, a SOCS-box-containing WD-40 protein, is of 
unknown function that is induced by Hh signaling (Dentice et al., 2005). Also, 
there is no literature information available about the relationship between WSB-1 
and cancers. 
In brief, P-sitosterol may show pleiotropic effects on cancer cells by modulating 
various signal transduction pathways which are only be possible be revealed by 
genomics study, e.g. D N A microarray analysis as reported here or proteomics study. 
The complex interaction of mitogenic effect possibly through up-regulated VEGF 
and enhanced resistance to apoptosis by HMOX-1 might be counteracted by the 
anti-proliferation ofBMP-2, BMP-4, IRF-1 and enhanced cytotoxicity by TNF-P and 
IL-4. In particular, BMP-4 and BMP-2, the second and third most up-regulated 
genes, is suggested to one of the major pathway contributed to the anti-proliferative 
effect on the cancer cells through apoptosis induction by caspase activation, cell 
cycle arrest by Cdk2 inhibition and other tumor suppressing effect by S M A D 
proteins activation. In addition, the most up-regulated IRF-1 is suggested to be 
another major factor which contributed to the anti-proliferative effect. The final 
observed phenotype of the lung cancer cells HI299 at an initial seeding density of 
6250 cells/cm^  by 16 /xM P-sitosterol for 1 day was more than 50% anti-proliferation. 
This is a novel bioactivity of P-sitosterol on lung cancer cells found and reported 
here. 
For the effect of P-sitosterol on liver cancer cells Hep G2, the profile of affected 
genes was different from that of lung cancer cells H1299. The protein encoded by 
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tumor necrosis factor receptor superfamily, member 10b (TOFRSFIOB) contains an 
intracelluar death domain. It can be activated by tumor necrosis factor-related 
apoptosis inducing ligand (TNFSF10/TRAIL/APO-2L) and transduces apoptosis 
signal (Screaton et al., 1997; Mori al., 2004). Human monoclonal antibodies 
specific to TNFRSFIOB showed significant reduction in cell viability on colorectal 
and breast adenocarcinoma，and T-cell leukemia (Mori et aL, 2004). The highly 
up-regulated TNFRSFIOB (26 folds) in Hep G2 by P-sitosterol would contribute to 
the anti-proliferative effect on the cell line. Besides, there were a 7-fold increase in 
LTA expression which may act in a similar manner. 
In addition, more than 5 folds increase in expression of cyclin-dependent kinase 
inhibitor IC ( p 5 7 帥 2 C D K N I C ) were found in P-sitosterol treatment in Hep G2 
cancer cells. is a tumor suppressor gene which has shown reduced 
expression in various tumors such as bladder cancer, esophageal squamous cell 
carcinoma, gastric and pancreatic cancer (Oya & Schulz，2000; Matsumoto et al., 
2000; Shin et aL, 2000; Yue et aL, 2003). The up-regulated p 5 7 幻 p 〗 b e one of 
the factors which inhibit the Hep G2 proliferation. The above three up regulated 
genes in Hep G2 liver cancer cells by (3-sitosterol are beneficial to the cancer 
treatment in vitro in this study. 
Finally, kallikrein genes are a subgroup of the serine protease family of 
proteolytic enzymes. KalUkrein 1, prostatic (KLK2) is prostate-specific kallikrein 
and it was proposed as a prostate cancer marker (Obiezu & Diamandis, 2005). In 
fact, higher K L K 2 expression was found in patients with prostate adenocarcinoma 
than in normal prostate epithelium (Becker et al., 2001). However, lower level of 
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K L K 2 was found in patients with breast cancer than normal tissue (Sauter et al, 
2004). Although, there was 5 folds up-regulation of KLK2 gene in Hep G2 cancer 
cells treated with p-sitosterol, the effect of KLK2 on liver cancer cells was unclear 
and further investigation are required before making a more concrete conclusion. 
Although D N A microarray offers the convenience of unveiling the possible 
action mechanisms involved, confirmation tests are still to be required. The 3 
independent assays (cytotoxic M T T assay, cell viability test by tryphan blue staining 
and measurement of D N A concentration by BrdU assay) present the consistent result 
of anti-cancer effects of p-sitosterol on lung HI299 and liver cancer cells. More 
importantly, this study demonstrates the capacities of the sterol preparations from 
D O D p in inhibiting the proliferation of these two cancer cells. 
Yet, further works are required to confirm and complete the action mechanisms 
of the anti-proliferative effect of p-sitosterol on lung H1299 and liver cancer cells. 
It is also worth studying the anti-proliferative effect of P-sitosterol on different lung 
and liver cancer cells. 
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4,7. Comparisons of the two protocols 
4.7.1. Products from protocol A and B 
Table 4.14 summarizes the amounts of products generated from protocol A and 
protocol B using both types of DODp. The biodiesel amount in protocol A was 
significantly {p < 0.05) less than protocol B (Figure 3.20a). The weight of 
desterolized fractions in protocol A was 2 - 4 folds higher than protocol B in weight. 
It was because there were some glycerides and traces of FAMEs which increased the 
weights of desterolized fractions. For phytosterols products, there was no 
significant difference between protocol A and B. Since protocol B involved the use 
of potassium hydroxide and sulfuric acid, there were about 300 kg of potassium 
sulfate produced in each tonne of DODp. 
Table 4.14. Biodiesel product and byproducts obtained from 1 tonne of DODp. 
Protocol A Protocol B 
Peanut D O D p Soybean D O D p Peanut D O D p Soybean D O D p 
本 氺 
Biodiesel (kg) 853.0- S74.0 846.5 - 852.5 903.0-929.4 878.5-899.6 
Phytosterols (kg) 11.2- 11.7 28.0 — 29.4 11.8- 12.6 29.4-31.2 
Desterolized ^22.9 - 126.8* 121.8 - 135.1* 36.5 - 39.1 65.3 — 68.2 
phytochemicals 
( k g ) (-3.5% tocopherols) (�20% tocopherols) (-40% squalene) ( � 1 4 % tocopherols) 
K2S04(kg) N/A N/A 298.2-300.0 288.1 -293.7 
Note: F A M E s were replaced by biodiesel since the F A M E s product met the 
specifications for biodiesel in USA. N/A, Not applicable. 
Statistical Analysis between two protocols: Independent t-test; p < 0.05; * means 
significant higher than the other protocol; data presented as range from lowest to 
highest value of 3 replicates. 
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4.7.2. Characteristics of protocol A and B 
Table 4.15. Characteristics and profit projections of Protocol A and B. 
Parameters Protocol A Protocol B 
No. of process 3 7 
Procedure — 3 — 
. . X no. of steps ^ 
simplicity 〜(） 〜3 
per process  
Space (# reactors & instruments) 2 5 
Advanced instrument Molecular distillator Stainless steel reactors 
Resource Energy Higher Lower  
consumption Chemicals Lower Higher (KOH, H2SO4, water) 
Waste production Most of the solvent can be recovered  
Risks and hazard Less chemical risks Higher chemical risks 
1. 96% phytosterols 
1. 96% phytosterols , 1 , 
Byproducts 2. Squalene, tocopherols 
2. Squalene, tocopherols 
3. K2SO4 
Industrial scale 
Requirement of scaling up 1 .” Larger scale reactors 
molecular distillatory  
Applicability Applied to both D O D p Applied to both D O D p 
Prof i t p ro jec t ion from 1 Peanut DODp Soybean DODp Peanut DODp Soybean DODp 
tonne o f D O D p a (SlOOO/toime) ($3000/tomie) (SlOOO/tonne) ($3Q0Q/tomie) 
Biodiesel ($ 8500/tOime) ^ 7256 - 7429 7195 - 7246 7676-7900 7467-7647 
Phytosterols ($ 1000/kg)c 11200-11700 28000-29400 11800-12600 29400-31200 
Desterolized phytochemicals . . e … 。 … ， d 
P J 369-380d 3895 _ 4320^ 1095- 1173 ® 1462- 1527' 
(price cc tocopherol contents)  
Potassium sulfate ($ 1.4/kg)「 N/A N/A 417-420 403-411 
一 18825- 39090 - 20571 - 38732-
TGtal 19509 40966 22093 40785 
a Price of DODp obtained from personal communication with HopHing Co. Ltd. (2004) 
b Price of biodiesel obtained from personal communication with Dunwell Co. Ltd. (2004) 
c Price of phytosterols obtained from htip://www.iherb.com/phytosteroLhtml 
d Price of tocopherols obtained from personal communication with HopHing Co. Ltd. (2004) 
and Frandsen (1996) 
® Price of squalene obtained from Vannuccini (1999) 
f Price of K2SO4 obtained from http://www.the-imiovation-group.com/ChemProfiles 
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Table 4.14 summarizes the pros and cons of using protocols A and B for 
F A M E s production from DODp. Protocol A was superior in terms of procedure 
simplicity and therefore, labor and space could be saved. However, it requires 
molecular distillation in the production which consumes more energy than protocol B. 
Protocol B would consume more chemicals such as sodium/potassium hydroxide in 
the saponification and sulfuric acid for the acidification but the byproduct potassium 
sulfate may compensate the cost of them. Nevertheless, the use of strong acid and 
base possessed some chemical hazard during the production. In both protocols, 
most of the solvent such as methanol and hexane could be recovered by evaporation. 
The scale up requirement in protocol A was an industrial scale molecular distillator 
while larger scale of stainless steel reactor was required in protocol B. Both 
protocols were applicable to peanut and soybean DODp. The pricing information 
of phytosterols and squalene were rather indirect. The actual selling price of 
phytosterols in the above website was about $2000/kg. However, the pricing was 
50% cut for possible cost of further treatment of the phytosterol preparations being 
sold. Since it was difficult to find the value of squalene at purity about 40%, the 
price of crude shark liver oil containing about 48% of squalene in 1997 was adopted. 
In the whole, the estimated profits for biodiesel productions from D O D p were at 
least ten folds more than the value of D O D p making this recycling technology worth 
considering to be developed. 
4.7.3. Sustainable recycling technology 
A sustainable recycling technology should maximize the carrying capacity of 
the natural resource, the product or the process could prevent, control and/or mitigate 
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adverse environmental impacts, and indirectly improve natural resource use. 
Furthermore, the technology should be self-sustained which means the recycling 
industry is a profit making industry so that more investment could be attracted. In 
this study, the established technology is to recycle low value materials (waste) into 
valuable products (biodiesel) which is an environmental friendly renewable energy. 
The utilization of our resource was improved. In addition, the byproducts, 
phytosterols and desterolized fractions can increase the profits in the recycling 
industry so that more incentives were created for investment. Thus, a sustainable 
recycling technology was demonstrated in this study. 
4.7.4. Life cycle analysis 
In this study, the D O D p came from vegetable oil refinery plant. They were 
converted into biodiesel which in turn, would be utilized in automobile fuel or diesel 
powered electricity generator. The carbon dioxide would be release to the 
atmosphere from vehicles or electricity generator during the combustion of the 
biodiesel. The carbon dioxide would be absorbed by plants to produce 
carbohydrates by carbon fixation. Finally, oilseeds were produced which would be 
used for vegetable oil refining and the cycle was completed. The overall level of 
carbon dioxide was maintained and would not elevate the carbon dioxide level to 
exacerbate the greenhouse effect. The overall life cycle was simplified in Figure 
4.4. 
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Figure 4.4. Life cycle of biodiesel production from DODp. 
4.8. Further investigation 
More economic parameters could be investigated to see the exact potential of 
producing biodiesel and recovering phytochemicals from DODp. P-sitosterol have 
been found to have anti-proliferative effect on lung and liver cancer cell lines which 
are novel bioactivities. More lung and liver cancer cell lines are worth testing to see 
the consistency of the bioactivities of p-sitosterol. Furthermore, translational level 
of the genes involved in anti-proliferative effect should be investigated in order to get 
a more complete picture of the P-sitosterol bioactivity on the cancer cells. Finally, 
if p-sitosterol showed anti-proliferative effect on other lung and liver cancer cells, in 
vivo study is suggested to investigate effect of P-sitosterol on those tumors. 
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5. Conclusion 
An unexplored physically refined deodorizer distillate (DODp) was investigated 
for its potential for biodiesel production and phytochemicals recoveries. Two 
manufacturing protocols were proposed for FAMEs production from peanut and 
soybean DODp. Protocol A involved two major processes for FAMEs production 
with over 98% purity and yield of more than 84%. Protocol B contained six 
processes for FAMEs production with FAMEs purity and yield of 99% and 90% 
respectively. Both protocols performed highly similarly with soybean and peanut 
DODp. The distillation residue from protocol A and unsaponifiable matter from 
protocol B were crystallized resulting highly purified phytosterol preparations with 
recovery of about 80% while the desterolized fractions contained different 
concentrations of tocopherols from 1 to 19%. The qualities of FAMEs, phytosterol 
preparations and desterolized fractions were assessed. The FAMEs products met 
the biodiesel specifications in U S A and possessed reduced toxicities in two acute 
toxicity models when compared to petroleum diesel. No acute toxicity of the 
FAMEs products was detected using mouse system at 15 g/kg. The desterolized 
fractions carried antioxidant ability as revealed by DPPH radical-scavenging capacity 
and the scavenging potential of ABTS radicals. This antioxidant power was directly 
proportional to the tocopherol concentrations of the desterolized fractions. Besides, 
phytosterols preparations showed anti-proliferation on human lung cancer cell line 
HI299 and human liver cancer cell line Hep G2 in the dose responsive maimer. 
This study discovers that p-sitosterol, but not stigmasterol, possesses these 
anti-proliferative effects. 
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In this study, highly pure FAMEs (biodiesel) and phytosterols were prepared 
from low valued and abundant D O D p in both protocols A and B. The projected 
profits for FAMEs, phytosterols and desterolized fractions productions were at least 
10 folds of the original value of the DODp. Furthermore, the manufacturing 
protocols were not complicated, and most of the reagents used in the protocols could 
be recycled. This study also shows the consistent and stable qualities of the D O D p 
which is the raw material in the designed protocols for production of FAMEs to 
alleviate the energy crisis at a conversion efficiency of over 84% (w/w) from the raw 
material. These D O D p are readily available in abundance as a low-valued waste or 
byproduct from an industrial process, vegetable oil refinery. By further extracting 
the tocopherols and phytosterols as value-added products, the designed protocols 
generate nearly no waste. Such preparations bore desirable bioactivities as 
anti-oxidation and novel anti-cancer properties against liver carcinoma cells and lung 
carcinoma cells. In brief, this study integrates various technologies to formulate 
sustainable recycling protocols for biodiesel production and phytochemicals 
recoveries from DODp. This study lays the foundation for promoting economic 
development by cost-effective production of a renewable clean and non-toxic fuel 
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